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INTRODUCTION

MAetastatic spread of cancer continues to be the greatest barrier to cancer cure. It is ultimately the metastatic
process that causes mortality of breast cancer since uncontrolled growth of malignant cells in other tissues
continues at the expense of the normal function of that tissue. Understanding the molecular mechanisms of
metastasis is crucial for the design and effective use of novel therapeutic strategies to combat cancer. In estrogen
dependent mammary epithelial cells, estrogen ablation or anti-estrogen treatments such as Tamoxifen activate
apoptosis secondary to disruption of estrogen survival signals. Anti-estrogen therapies can induce remission in
patients whose tumors contain estrogen dependent cells, however prolonged treatment with anti-hormonal
therapies often leads to the emergence of hormone independent cells, which is frequently associated with increased
metastatic capacity and reduced survival time (Beckman, Niederacher et al. 1997). Therefore, apoptosis in breast
tumors consisting of estrogen independent cells would require use of agents that exploit signaling pathways which
are independent from those triggered by disruption of estrogen receptor (ER) function. Studies have revealed that
the Vitamin D Receptor (VDR) is present in ER- negative/independent cell lines and tumors and 1,25(OH)2D3 and
the vitamin D analogue EB 1089 has been shown to inhibit the growth of ER-negative cells lines such as the BT-20
and MDA-M[B-231 (Buras, Schumaker et al. 1994). This may indicate that vitamin D compounds and anti-
estrogens trigger apoptosis by two distinct mechanisms, and that breast cancer sensitivity to 1,25(OH)2D3 is
retained in cells that have progressed to estrogen independence. There is however no data available on modulation
of breast cancer invasion and metastases by vitamin D compounds in vivo. The aim of these studies is to examine
the effects of vitamin D compounds in an estrogen independent cell line (SUM-159PT) that is invasive both in
vitro and in vivo. Activation of apoptosis at any point in the metastatic cascade would lead to elimination of the
potentially metastatic cell and retard the process of tumor spread. The scope of these studies will determine
whether the effects of EB 1089 on SUM-159PT tumor volume is related to inhibition of proliferation, activation of
apoptosis or both and whether vitamin D compounds are capable of inhibiting the invasion of SUM-159PT cells.
Inhibition of metastatic spread by vitamin D compounds would suggest these compounds could offer significant
therapeutic advantage over current therapies for advanced breast cancer. The scope of these studies will also seek
to understand the mechanism of breast cancer invasion and metastasis. To determine if metastasis involves co-
operative intravasation and/or extravasation of invasive and non-invasive epithelial cell types, we have also
isolated sub-lines of the non-invasive MCF-7 and invasive SUM-i 59PT cell lines that have been stably transfected
with different genetic markers. These studies offer a straight forward approach for tracking metastatic cells in vivo
using fluorescent microscopy, while also enabling enhanced sensitivity by PCR detection in various organs.
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ANNUAL SUMMARY-BODY

The scope of this research has primarily been to investigate whether vitamin D compounds can induce apoptosis in
ER- negative breast cancer cells and whether vitamin D compounds can inhibit the invasion of these cells. The cell
line used in these studies (SUM-159PT) was obtained from the University of Michigan cell and Tissue bank.
Characterization of the SUM-159PT cell line is described in the attached manuscript entitled "SUM-159PT cells: A
novel estrogen independent human breast cancer model system" located in the Appendix section.

In ER-positive breast cancer cells, the effects of 1,25(OH)2D3 are similar to those induced by anti-estrogens, where
1,25(OH)zD 3 transcriptionally down-regulates ER expression. These finding have led to the hypothesis that, at
least in MCF-7 cells, the effects of I,25(OH)2D3 may be related to disruption of estrogen mediated survival signals.
If so, then sensitivity to 1,25(OH)2D3 mediated growth arrest and apoptosis could be reduced in estrogen
independent breast cancer cells. Previously, in the grant proposal, our preliminary results indicated that
1,25(OH)2D3 inhibited proliferation in the ER-independent SUM-159PT cells and were therefore not consistent
with this hypothesis. The growth-inhibitory effect of t,25(OH)2D3 or its analogue EB1089 in SUM-159PT cells
was associated with cell cycle arrest in GI and/or G2; upregulation of p21 and p27 and downregulation of
cdc2p34. Like MCF-7 cells, SUM-159PT cells also underwent 1,25(OH) 2D3 mediated apoptosis (Welsh, Simboli-
Campbell et al. 1995). Both 1,25(OH) 2D3 and EB1089 induced apoptosis in SUM-159PT cells in vitro, as detected
by the TUNEL method. Other proteins linked to apoptosis which are modulated in breast cancer cells by
1,25(OH) 2D3 include bcl-2, p53, clusterin and cathepsin B. Our previous studies have shown that treatment of
SUM-159PT cells with 1,25(OH) 2D3 or EB1089 increases the mature form of cathepsin B, suggesting that
apoptosis in SUM-159PT cells may be associated with increased lysosomal activity. This suggestion is consistent
with previous work describing the induction of lysosomal enzymes during apoptosis associated with mammary
gland regression (Guennette, Mooibroek et al. 1994).

My current research has expanded these findings by further examining the effects of vitamin D compounds on the
apoptotic pathway in SUM-159PT cells in vitro. The bcl-2 family of anti-apoptotic and pro-apoptotic proteins
determines the release of cytochrome c, which activates death proteases called caspases, resulting in cleavage and
degradation of substrates such as PARP (Gross, McDonnell et al. 1999). Cytochrome c release from the
mitochondria is thus central to apoptotic signal transduction (Tsujimoto and Shimizu 2000). The pro-apoptotic
protein, Bax has been reported to translocate to the mitochondria following exposure of cells to apoptotic stress
including cytokine withdrawal and treatment of cytotoxic drugs such as etoposide (Green and Reed 1998;
Tsujimoto and Shimizu 2000), These observations, coupled with reports that Bax causes the release of
mitochondrial cytochrome c, implicate Bax as a central mediator of the apoptotic process (Green and Reed 1998)
(Finucane, Bossy-Wetzel et al. 1999). In SUM-159PT cells, using subcellular fractionation we demonstrated a
shift in Bax localization from cytosol to non-nuclear membranes following exposure to 1,25(OH)2D3 or etoposide.
Concominant release of cytochrome c from the non-nuclear membrane to the cytosol was also observed in
1,25(OH) 2D3 or etoposide treated cells (Figure Ia). Bax translocation and cytochrome c release appeared to act in
concert with activation of downstream caspases as determined by cleavage/degradation of PARP, an indication of
caspase activation (Figure lb), as PARP is cleaved by caspase 3 and 7. Our work is the first to describe
intracellular signalling events leading to apoptosis in ER-negative breast cancer cells. Further studies to

Figure la: Effects of 1,25(OH) 2D3 and etoposide on
expression of apoptosis related proteins in SUM-159PT

B - . - .. 1 cells. Cytosol and non-nuclear membrane (NMN)
2kDaI fractions prepared from SUM-159PT cells treated with

Cytochroenec- 1  
* -c 1 EtOH vehicle, 100nM 1,25(OH) 2D3 or 10WM etoposide

14kDaI for 96 were separated on 12.5% SDS-PAGE gels and
Cytochrome oxidase-- -- 00- immunoblotted with either a rabbit polyclonal antibody

•I directed against Bax or mouse monoclonal antibodiestn P1,D o 1,25DEtop directed against Cytochrome c or Cytochrome oxidase.
cyt-1 NNM Blots are representative of two independent experiments
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characterize the activation of specific caspases in the SUM-159PT cells upon 1,25(OH)2D3 treatment would also
c!early be of interest.

Figure 1b: Effects of 1,25(OH) 2D3 and etopsoside
on expression and cleavage of PARP in SUM-

ll6kDa -- 00-* 159PT cells. Nuclear fractions prepared from SUM-

PARe 159PT cells treated with ethanol vehicle, 100nMS~kl~a -'4- •1,25(OH)2D3 or 1xl~pl etoposide for 96 h were

EtOH 1,25D3 Etoposide separated on a 7.5% SDS-PAGE gel and
immunoblotted with a mouse monoclonal antibody
directed against PARP. Blot is representative of two
independent experiments.

Thus, while the downregulation of the ER observed in MCF-7 cells may be a contributing factor to the apoptotic
and growth inhibitory effects of 1,25(OH)2D3, the effects of 1,25(OH) 2D3 are not dependent upon estradiol
signaling, as both the growth inhibitory and apoptotic effects of 1,25(OH)2D3 and EB1089 were observed in the ER
negative SUM-159PT cells.

Previous results from the grant proposal indicated that tumor volumes from nude mice with SUM-159PT tumors
inoculated orthotopically treated with sustained release pellets that released 120pmole/day EB1089 were
approximately 65-70% smaller than that of control treated tumors after five weeks of treatment. These data
indicated that EB1089 was effective in reducing growth even when SUM-159PT tumors were growing in the
mammary fat pad where they exhibited an aggressive, metastatic potential.

Control EB1089

Figure 2: Effect of EB1089 on morphology

H&E and proliferation of SUM-159PT orthotopic
tumors.

ý0" Representative tumor sections from mice
treated with placebo control or 120 pmole/day

j .EB1089 pellets for 5 weeks were processed
for Hematoxylin and Eosin staining or

PCNA , ,. . - , processed for PCNA or TUNEL. Staining for
" • • - .'".PCNA or TUNEL is indicated by the brown

nuclear staining. 40x magnification.

TUNEL .. I. ,,..:*

Expanding on this work, histological analysis indicated that the decreased size of the tumors from EB1089-treated
mice, compared with that in control mice, was associated with a reduction in the epithelial component and an
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increase in the stroma. The reduction of tumor volume in mice treated with 120pmole/day EB 1089 for five weeks
could reflect a decreased rate of cell proliferation or an increased rate of cell death or both. Our analyses
confirmed that EB1089 mediates tumor regression by modulation of both apoptosis and proliferation of tumor
epithelial cells (Figure 2).

Semi-Quantitative analyses of DNA fragmentation indicated that tumors from EB1089 treated mice exhibited
apoptotic morphology and an increase in the amount of TUNEL-positive cells compared with tumors from control
mice (Table 1). Our data demonstrating induction of apoptosis in SUM-159PT tumors correlates with our in vitro
data that 1,25(OH)2D3 and EB1089 induce apoptosis in SUM-159PT cells, consistent with data in MCF-7 cells
(VanWeelden, Flanagan et al. 1998). In addition to induction of apoptosis, EB1089-treated tumors exhibited a
decrease in proliferation after five weeks of treatment, as measured by PCNA. These data are again consistent with
in vitro work indicative that 1,25(OH)2D3 and EB1089 increase levels of p21 and p27, thereby inducing a block in
the cell cycle, in many breast cancer cell lines.

PCNA TUNEL Table 1: Semiquantitation of PCNA expression
EXPRESSION EXPRESSION

and DNA fragmentation in SUM-159PT tumors.
Tumor sections from mice treated with placebo or

CONTROL ++/+++ +/++ 120pmoles EB1089 for 5 weeks were processed for
PCNA or TUNEL immunohistochemistry. After
photoghraphing, 2-4 fields of view were counted on

EB109 + ++/+++ each section, with 6-10 samples evaluated for each
treatment.

Our data are the first to show apoptotic tumor regression of an ER-independent breast cancer model system by the
vitamin D analogue EB 1089 and are consistent with previous reports of tumor regression and apoptosis in the ER-
dependent MCF-7 tumors. Our work also shows that sensitivity of breast tumors to the vitamin D analogue
EB 1089 is not diminished in tumors that have progressed to estrogen independence.

For the tumor suppressive activity of vitamin D compounds in vivo, additional aspects may be involved. Our
current data suggests that vitamin D compounds also inhibit invasion and metastasis. In the in vitro invasion assay,
1,25(OH)2D3 and EB1089 reduced invasion of SUM-159PT cells by 65 and 80% respectively, independent of the
anti-proliferative effects of these compounds (Figure 3). Our results have further demonstrated a reduction in the
numbers of mice exhibiting secondary tumors after treatment with EB 1089, indicating a direct effect of EB 1089 on
invasion and metastases. This data show that vitamin D compounds may play an inhibitory effect on breast cancer
metastasis and may be useful in future studies in the clinical setting, alone or in conjunction with other agents, for
the treatment of metastatic cancer.
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100000 Figure 3: Effects of 1,25(OH)2D3 or EB1089 on
SUM-159PT invasion in vitro. SUM-159PT

S75000- cells treated w ith EtOH (-), 1,25(OH )2D 3  or
"Ad •EB1089 were analyzed in the Boyden chamber

50000- invasion assay. Cells that invaded the 8iM
Matrigel membrane and attached to the bottom of

25000 the well were trypsinized and counted. The data

0 
represent the meanr+SEM from three wells. These

10 1data are representative of two independent
- 100 nM EB1089 experiments.

To summarize this set of experiments, the VDR is present in both estrogen-dependent and estrogen-independent
breast cancer cell lines and sensitivity to vitamin D compounds is not diminished or lost in breast cancer cells that
have progressed to estrogen independence. Preclinical animal studies demonstrate significant effects on the growth
of estrogen-independent tumors, indicating that vitamin D compounds trigger growth arrest and apoptosis by a
mechanism that is independent of an estrogen-regulated pathway.

The early stages of tumor progression and micrometastasis formation are difficult to analyze due to the inability to
identify small numbers of tumor cells against a background of many host cells. In our own metastatic model, we
have previously demonstrated metastatic spread of SUM-159PT cells to lymph nodes, muscle and liver. However
the extent of metastases detected is likely an underestimate since small metastatic foci cannot be detected with
standard hematoxylin and eosin staining. In addition sectioning and staining sections for the detection of
micrometastases from tumors and multiple organs is a long and arduous process. A method to visualize tumor
invasion and micrometastasis formation in viable fresh tissue would greatly benefit studies on tumor progression.
To develop a model with enhanced resolution of micrometastases in the nude mouse, we used the EGFP
fluorescent marker gene, cloned from the bioluminescent jellyfish Aequorea Victoria (previously described in
original grant proposal). Orthotopic implantation of SUMp159PTGFP was carried out to allow for the metastatic
expression of the inoculated cells in nude mice. We previously reported that use of SUM-159PT cells expressing
GFP enabled visualization of cancer cells in the mammary fat pad as well as distant micrometastases in nude mice
including the lymph nodes, lung, liver and in to a lesser extent, the brain and kidney. Resolution of SUM-
159PTGF cells was down to the single cell level, and high-level GFP expression was maintained in primary tumors
for the duration (12 weeks) of this study. This model is the first to demonstrate the capability of GFP for detection
and visualization of human breast cancer metastases in a clinically relevant model. Metastases were detected in
fresh tissue in situ in host organs as early as two weeks after inoculation of SUM-1 5 9 TPGFP cells. This novel
method is thus far superior than routine hematoxylin and eosin staining for the detection and study of patterns of
tumor invasion and metastasis in vivo.
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Our current results have also shown that PCR and southern blot analysis could further enhance the sensitivity and
quantitation of GFP detection in primary tumors, lymph nodes, lungs, liver, brain and kidney of nude mice
inoculated with SUM-159PTG" cells, confirming the results we obtained by examining fresh tissue

microscopically (Figure 4). Our work complements the work of other groups indicating that the use of PCR for the
detection of micro- and macro- metastases is superior to conventional immunohistochemistry techniques

(Schoenfeld, Luqmani et al. 1996; Mori, Mimori et al. 1998).

Figure 4: Southern blot analysis of

GF GFP in tumors and organs derived
from mice inoculated with SUM-
159 PTGFP cells. PCR analysis was

4 -4 k4 Go, 00 -0" -, 0 1." (Ago I." carried out on DNA derived from
tumors and organs from mice inoculated

L . withSUM-159PTGFP cells using primers
tv o " = .4 directed against a 410 bp segment of the

GFP gene. The samples were
electrophoresed on an agarose gel and
transferred to nitrocellulose. The
nitrocellulose was then hybridized with

a 32p labelled 410bp GFP probe.

The results presented here provide significant, new opportunities to understand and develop treatments that prevent
and possibly eliminate metastasis. Having previously shown that 1,25(OH)2D3 and EB1089 can inhibit the
invasion of SUM-159PT cells in vitro and possibly reduce the numbers of mice developing secondary tumors, it
would clearly be of interest to further investigate the effects of vitamin D compounds in this SUM-159PTF'P model
system. We are currently carrying out these experiments to accurately measure the preventative effects of EB1089
on invasion and metastases and to study the direct effect of vitamin D on established metastases using our SUM-
159PTGFP model system. In summary we have developed the first model system utilizing GFP for sensitive
detection and visualization of human breast cancer metastases in vivo. We anticiptate that this model will provide
a powerful approach to study the effects of genetic manipulations and therapeutic strategies of vitamin D
compounds on the biology of breast cancer metastasis.

Our studies have also sought to determine if metastasis involves the co-operative intravasation and/or extravasation
of invasive and non-invasive epithelial cell types, we have also isolated sub-lines of the non-invasive MCF-7 and
invasive SUM-159PT cell lines that have been stably transfected with different genetic markers (pEGFP-C1 and
pCDNA6-V5/His A).

Figure 5: PCR analysis was carried out on DNA derived from

SUM-159PTV5/HisA and MCF-7GFP cells with primers
directed against a 477bp segment of the V5/HisA gene and a

1 2 3 4 5 410bp segment of the GFP gene. Top Panel. Lanes 1:100 bp

V5 tag ladder; 2: SUM-159PTV5/HisA with human clusterin primers; 3:
,-451 bpmyctag SUM-159PTV5/HisA with human clusterin and V5 primers; 4:
337 bp human clusterin SUM-159PT with human clusterin and V5 primers; 5. SUM-

159PT-myc/HisA with human clusterin and myc primers.
Bottom panel. Lanes 1: 100 bp ladder; 2: mouse liver with

2 3 4 5 6 mouse clusterin and GFP primers; 3: mouse liver with human
-410 bp GFP tag clusterin and GFP primers; 4: MCF-7 with human clusterin and

-3337bp human clusterin GFP primers; 5: SUM-159PT with human clusterin and GFP
225__bpmouse___________primers; 6:MCF-7GFP with human clusterin and GFP primers.
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We have orthotopically inoculated nude mice with a mixture of MCF-7GFP and SUM-159PT-V5/His A cells and
have followed the progression of metastasis using fluorescent microscopy and PCR to determine whether the non-
invasive MCF-7GFP can be detected in distant metastases associated with V5/His tagged SUM-159PT cells.
These experiments will determine whether the co-operative interaction between ER-positive and ER-negative cells
during intravasation and extravasation may contribute to the established heterogeneity of metastatic breast cancer.

Using laser capture microscopy, specific cells of interest from mice inoculated with non-invasive MCF-7GFP and
invasive SUM-159PT V5/His tagged cells were captured and further analysed for specific markers using PCR
analyses.

Before Shot Figure 6: Hematoxylin and eosin
staining of tumors and lymph nodes
from nude mice inoculated with

SUM-159PTv5 rmuA and MCF-7GFP
cells.
Primary tumors (Panels A and B) and

lymph nodes (D and E) from mice
After Shot inoculated with a mixture of SUM-

159PTv5m/isA and MCF-7GI' cells were

formalin fixed, paraffin embedded,
sectioned and stained with hematoxylin

* ~and eosin. Photographed at lox
... magnification. Cells from tumor and

Cap •-7.: lymph node sections were captured
... using a laser capture microscope.

Tumor Lymph Node
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GFP -*

MCF-7 Tumors Lymph nodes Positive
Control

Figure 7: PCR analyses of GFP in tumors and Lymph nodes from mice inoculated with SUM-
159PTV5/HisA and MCF-7GFP cells. PCR analyses was carried out on DNA derived from cells isolated from
tumors and lymph nodes from mice inoculated with SUM-159PTV5 /HisA and MCF-7GFP cells with primers directed
against a 410bp segment of the GFP gene.

Usingilaser capture assay, DNA from several cells were isolated and analyzed by PCR for the expression of GFP.
Our preliminary data indicates migration of MCF-7G" cells to the lymph nodes of mice that were co-inoculated
with the invasive SUM-159PTVI/HisA cells, indicating a co-operative interaction between these cells during
intravasation and extravasation may contribute to the established heterogeneity of metastatic breast cancer.

Our future experiments will utilize fluorescently labeled invasive SUM-159PT and non-invasive MCF-7 cells to
confirm whether co-operative interaction between ER-positive non-invasive and ER-negative invasive cells during
intravasation and extravasation may contribute to the established heterogeneity of metastatic breast cancer.

SUM-159PTFP MCF-7RFP

Mix and Inoculate Into Nude Mice Figure 8: Schematic diagram of future
n experiments using SUM-15 9 PTcFP and

Tumor growth and metastases MCF-7RFP cells.

Histological examination of Primary Tumor and Metpstatic
sites us in g Fluorescent M icroscopy

Isolate cells of Interest using ILaser Capture Microscope

Isolate DNA, perform PCR using specific primers directed
against the EGFP and DsRFP genes

Metastatic Sites

Primary . L SUM-159PTGm cells

II ZjSUNI159PTGFPI
MCF-7RFP cells

S. MCF-7RFP cells
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In conciusion we hope that this later set of experiments will provide us with valuable information as to the
Imechanism of invasion and metastases and provide in the future new insights into alternatives for the treatment of

metastatic breast cancer.

Statement of Work:

Task 1: Inoculation of nude mice with SUM-159PTGFP cells, establishment of tumors and treatment of nude
mice with EB1089 or placebo pellets. Although my studies so far have not included the inoculation of SUM-
159 PTGFP cells orthotopically into nude mice and treatment of established tumors with EB1089 and placebo via
sustained release pellets, I have as stated above examined the effects of EB 1089 and placebo treatment on SUM-
159PT tumors that were inoculated orthotopically. We have as stated above also been utilizing the GFP model
system described in the grant proposal to more efficiently track the metastatic spread of SUM-159PT cells to
various organs by utilizing PCR. By using PCR we should be able to more effectively examine the effects of
EB1089 on tumor growth and metastatic spread. Using the data compiled from both of the above studies we have
decided not to fully complete Task 1 but to continue on with Tasks 3-9.

Task 2: Tumor histopathology and western blotting to quantitate the relative effects of EB1089 on apoptosis and
mitosis of SUM-159PTGFP tumors. Although I have not examined the effects of`EB1089 on apoptosis and mitosis
of SUM-1 59 PTG" tumors, I have however examined these effects on SUM-159PT tumor samples taken from a
previous experiment that were treated via sustained release pellets with placebo or 120 pmoles/day EB1089. Our
current work did examine the relative effects of EB 1089 on apoptosis and mitosis in SUM-159PT tumors as shown
above. Our work has also further concentrated on examining the effects the effects of vitamin D compounds on the
apoptotic signalling pathway in SUM-159PT cells in vitro.

Tasks 3 and 6: Reagents and mice have been ordered. SUM-159PTGFP cells were expanded in vitro for
inoculation into nude mice. Inoculation of nude mice has been carried out. We are carrying out Tasks 3 and 6
simultaneously.

Tasks 4 and 7: We will implant placebo or EB1089 pellets after 2 weeks of tumor growth (before metastases are
present- Task 4) and after 6 weeks of tumor growth (to ensure that metastatic foci have developed- Task 6).

Tasks 5 and 8 will be completed once Tasks 4 and 7 have been successfully completed.

KEY RESEARCH ACCOMPLISHMENTS

0 The observation that upon exposure of ER-negative SUM-159PT cells to 1,25(OH) 2D3, a shift in Bax
localization from cytosol to non-nuclear membranes occurs. Concominant release of cytochrome c from
the non-nuclear membrane to the cytosol was also observed in 1,25(OH) 2D3 treated cells. Bax translocation
and cytochrome c release acted in concert with activation of downstream caspases as determined by
cleavage/degradation of PARP. The in vitro data indicate that sensitivity cells to vitamin D is not
diminished in the ER-negative SUM-159PT cells.

* Our data are the first to show apoptotic tumor regression of an ER-independent breast cancer model system
by the vitamin D analogue EB 1089. Our work also shows that sensitivity of breast tumors to the vitamin D
analogue EB 1089 is not diminished in tumors which have progressed to estrogen independence.
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, Our data suggests that vitamin D compounds also inhibit invasion and metastasis. In the in vitro invasion
assay, 1,25(014)2D3 and EBi089 reduced invasion of SUM-159PT cells by 65 and 80% respectively,
independent of the anti-proliferative effects of these compounds.

Our current results have also shown that PCR and southern blot analysis could further enhance the
sensitivity and quantitation of GFP detection in primary tumors, lymph nodes, lungs, liver, brain and kidney
of nude mice inoculated with SUM-159PTGFP cells, confirming the results we obtained by examining fresh
tissue microscopically, indicating that the use of PCR for the detection of micro- and macro- metastases is
superior to conventional immunohistochemistry techniques.

Our studies have also sought to determine if metastasis involves the co-operative intravasation and/or
extravasation of invasive and non-invasive epithelial cell types, we have also isolated sub-lines of the non-
invasive MCF-7 and invasive SUM-159PT cell lines that have been stably transfected with different genetic
markers (pEGFP-C1 and pCDNA6-V5/His A). Our preliminary data indicates migration of MCF-7GFP cells
to the lymph nodes of mice that were co-inoculated with the invasive SUM-159PTvs/HisA cells, indicating a
co-operative interaction between these cells during intravasation and extravasation may contribute to the
established heterogeneity of metastatic breast cancer.

13



REPORTABLE OUTCOMES FOR ARMY GRANT PERIOD 1999-2201

" Completion of Ph.D. Thesis written and accepted. Defense passed.

"* Travel Award to the Walther Cancer Annual Retreat at University of Michigan, Ann Arbor, August 23-25.

" Flanagan L, Wang Y, Welsh JE and Tenniswood M. Detection and mechanisms of human breast cancer
metastases in vivo. Presented at the Walther Cancer Scientific Retreat, Ann Arbor, Michigan, Aug 23-25,
2001

"* Flanagan L, Wang Y, Welsh JE and Tenniswood M. Detection and mechanisms of human breast cancer
metastases in vivo. Presented at the ENDO 2001 meeting in Denver, CO, June 2001

"* Flanagan L, Juba B and Welsh JE. Vitamin D and Metastatic Breast Cancer. Vitamin D Endocrine
System: Structural, Biological, Genetic and Clinical Aspects. ( Norman AW, Bouillon R and Thomasett M,
Eds.) University of California Riverside Press, pp 51 1- 514.

" Packman K, Flanagan L, Zinser G, Mitsch R, Tenniswood M and Welsh JE. Combination Treatment of
MCF-7 xenografts with the vitamin D3 analog EB1089 and antiestrogens. (2000) Vitamin D Endocrine
System: Structural, Biological, Genetic and Clinical Aspects. (Norman AW, Bouillon R and Thomasett M,
Eds.) University of California Riverside Press, pp.515-518.

" Abstract promoted to a 15 min presentation at the Eleventh Worshop on Vitamin D in Nashville TN, May
27-June 1, 2000. Abstract Title: "Vitamin D and Metastatic Breast Cancer."

" Flanagan L, Van Weelden K, Ammermam C, Ethier SP and Welsh JE (1999) SUM-159PT cells: a novel
estrogen independent human breast cancer model system. Breast Cancer Research and Treatment 58:193-
204

"* Byrne I, Flanagan L, Tenniswood M and Welsh JE (2000) Identification of a hormone responsive
promoter immediately upstream of exon Ic in the human vitamin D receptor gene. Endocrinology 141(8):
2829-2835

" Flanagan L, Packman K, Juba B, Tenniswood M and Welsh JE Regulation of growth, apoptosis and
invasion of estrogen independent SUM-159PT human breast cancer cells and tumors by 1,25-
Dihydroxyvitamin D3 and its analog EB 1089. To be submitted to Endocrinology.

"* Packman K, Zinser G, Flanagan L, Tenniswood M and Welsh JE Combination Treatment of MCF-7
Xenografts with EB 1089 and Antiestrogens. To be submitted to Endocrinology

"* Flanagan L, Byrne I, Wang Y, Tenniswood M and Welsh JE. Utilization of green fluorescent protein for
the identification of metastasis in an in vivo breast cancer model system. In Preparation.

REPRINTS OF ALL MANUSCRIPTS WILL BE SENT UPON ACCEPTANCE
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CONCLUSION

d5ur data has shown that the VDR is present in estrogen-dependent and estrogen-independent breast cancer cell
lines and sensitivity to vitamin D compounds is not diminished or lost in breast cancer cells that have progressed to
estrogen independence. Our preclinical animal studies demonstrate significant effects of the vitamin D analogue
EB31089 on the growth of estrogen-independent tumors, indicating that vitamin D compounds trigger growth arrest
and apoptosis by a mechanism that is independent of an estrogen-regulated pathway.

Our data also indicates that we have developed the first model system utilizing GFP for sensitive detection and
visualization of human breast cancer metastases in vivo. We anticiptate that this model will provide a powerful
approach to study the effects of genetic manipulations and therapeutic strategies of vitamin D compounds on the
biology of breast cancer metastasis.
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gI AND METASTATIC BREAST CANCER

F ,2nagan;.2 Brian Juba 2 and JoEllen Welsh 2 University College Dublin,
i lId, Ireland ; University of Notre Dame, IN 46556 USA 2

7, cancer is one of the leading causes of death among women in North
-do and Western Europe despite intense efforts to develop more effective
Idi and hormonal therapies. Although five-year survival rates for localized and

,•inlly spread breast cancer have improved, the survival rate for women with
nt inetastases is only 20%. The development of a metastatic, hormone

,:ependent, and drug resistant phenotype is largely responsible for the high

•cntage of treatment failures among breast cancer patients. Although
fW,6estanding the molecular mechanisms of cancer is crucial for the design of

aoctive, novel therapeutic strategies, progress has been limited by the lack of
,i-opriate experimental models for the study of metastatic breast cancer. In
ý56 studies, we describe and characterize, in vitro and in vivo, the growth of a

rpvel estrogen independent human breast cancer cell line, SUM-159PT and

omilne the effects of vitamin D3 compounds on its growth and invasion.

our studies have shown that ER protein was not detected in SUM-159PT cells or

Mivrs, correlating with lack of estradiol binding. Furthermore SUM-159PT cells
w!ri tumorigenic in ovariectomized nude mice in the absence of estradiol
u-pplementation, consistent with estrogen independence. Our work has shown

#Mt the SUM-159PT cell line is epithelial in origin, as determined by expression of
cytokeratin 18 by western blot. However, the levels of cytokeratin 18 expression
wee considerably lower (10-fold) than those observed in the estrogen-dependent

'MCF-7 cells. We demonstrated that approximately 45% of SUM-159PT cells are
;:capable of invading through an 8pM Matrigel invasion chamber whilst exhibiting a

sellate morphology in the Matrigel outgrowth assay. In contrast, the non-invasive
7,MCF-7 cells formed smooth spherical colonies in Matrigel and were minimally

invasive in vitro. These results correlate well with previous data indicating that
poorly differentiated cell lines express cytokeratins at low levels, and are highly
Invasive in in vitro chemoinvasion assays.

TO investigate metastatic markers in SUM-159PT cells, we examined the
expression of vimentin and E-cadherin, proteins that have been strongly implicated
in the transition of carcinoma cells to a metastatic phenotype. SUM-159PT cells

-.Pd xenografts were found to express vimentin, which has been associated with
poor prognosis, low differentiation, lack of ER, high invasive capacity and shorter
iease-free interval. In contrast, the well-differentiated MCF-7 cells did not

6Vpress vimentin. In breast cancer, loss of E-cadherin expression has been

:Observed in high-grade tumors and correlates with increased invasiveness and
~canlys, shorter disease-free interval. E-cadherin was expressed in the MCF-7

cells, but no expression was observed in the invasive, vimentin-positive SUM-
159PT cells. We also report an inverse relationship between the levels of the

P*tati'e anti-metastatic protein nm23 and tumor aggressiveness. Little or no nm23



516

expression was observed in the invasive SUM-159PT xenografts, in contrast
high expression detected in well-differentiated MCF-7 tumors.

Thus SUM-159PT cells can be categorized with other Poorly-differentiae
fibroblastic-like breast cancer cell lines (1). Use of SUM-i159PT cells as an invit
model of estrogen-independent human breast cancer will be useful for molecul
studies on the mechanisms of invasion and for testing the effectiveness of poteati
therapeutics in advanced breast cancer cells.

Our lab and others have shown that the vitamin D metabolite 1 ,2 5(OH)2D3 induc
growth arrest and apoptosis in MCF-7 cells in vitro (2). In -i-positive breast

cancer cells, the effects of 1,25(OH) 2D3 are similar to those induced by anti.
estrogens in that 1,25(OH)2D3 mediated cell death in MCF-7 cells is preceded by
down regulation of the ER. These finding have led to the hypothesis that, at least
in MCF-7 cells, the effects of 1,25(OH) 2D3 may in part be related to disruption of
estrogen related survival signals. If so, then sensitivity to 1,25(OH)2D3 mediated
growth arrest and apoptosis could be reduced in estrogen independent breast
cancer cells. Our studies have demonstrated that both 1,25(OH) 2D3 and its analog
EB1089 caused a significant 60-70% reduction in SUM-159PT cell number after a
six day time course relative to that of EtOH control. We have shown that SUM.
159PT cells express the VDR which is capable of binding 1,25(OH) 2D3 and VDREs
and its protein expression is upregulated or stabilized upon treatment with
1,25(OH) 2D3 or EB1089. Because previous work has demonstrated that MCF.7
cells treated with 1,25(OH) 2D3 or EB1089 arrest in G0/G1, we examined the effects
of these agents on cell cycle regulatory proteins (p21 and p27) and the M phase
cdc2p34 protein kinase in the estrogen independent SUM-159PT cell line. SUM.
159PT cells treated with 1,25(OH)2D3 or EB1089 exhibited an early increase (48h)
in both p27 and p21 expression compared to EtOH controls. It has been
previously shown that a block in the M-phase is imposed by inhibiting the cdc2p34
protein kinase. In SUM-159PT cells treated with 1,25(OH)2D3 little or no
downregulation of cdc2p34 was observed. In contrast, a significant downregulation
of cdc2p34 was observed when SUM-159PT cells were treated with EB1089 for72
h. We also examined expression of the lysosomal protein, cathepsin B thought to
be involved in the apoptotic pathway, and found an increase in the processed,
mature form of cathepsin B in SUM-159PT cells treated withl,25(OH)2D3 Or
EB1089. Furthermore, using the TUNEL method, positive nuclear staining
indicative of DNA fragmentation was detected in SUM-159PT cells treated wVi
1,25(OH) 2D3 or EB1089 for four days, similar to that observed in MCF-7 cells.

To further elucidate the apoptotic pathway in the SUM-159PT cells we analyzed

the expression and subcellular distribution of several proteins that have recently

been implicated in apoptotic signaling (3). In SUM-159PT cells, the proapopt0tic
protein bax was translocated to the mitochondrial fraction upon treatment With

1,25(OH) 2D3 or etoposide. This translocation of bax to the mitochondria was
concominant with the release of cytochrome c from the mitochondria into the

cytosol after 96 h treatment with. 1,25(OH) 2D3 or 48 h with etoposide. To exclude
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-Achondrial contamination in the cytosol fractions, cytochrome oxidase
was assessed and found to be present only in the mitochondrial

exacPofs. To determine whether caspase activation was involved in apoptosis of

SUMI.59PT cells, we assessed the cleavage of PARP, a substrate of caspase 3

8id 7. SUM!:~-1 59PT cells treated with 1h,25(OH) 2D3 for 96 h or etoposide for 48h

were analyzed with an antibody that recognizes both intact PARP (116 kDa) and
the apoptotic cleavage product- (85 kDa). SUM-159PT cells treated with

1,25(Ol-)2%3 or etoposide exhibited cleavage of PARP to generate the 85kDa

fragment, whereas no PARP cleavage was detected in EtOH treated cells.

Tus, While the downregulation of the ER observed in MCF-7 cells may be a

c6ntributing factor to the apoptotic and growth inhibitory effects of 1,25(OH) 2D3, the
&efects of 1,25(OH)2D3 are not dependent upon estradiol signaling, as both the

gr: ,w inhibitory and apoptotic effects of 1,25(OH)2D3 and EB1089 were observed

1i0the ER-negative SUM-1 59PT cells.

To determine whether the vitamin D analog EBI 089 could modulate growth and/or
apoptosis of estrogen independent breast tumors, ovariectomized nude mice
Wieang either subcutaneous or orthotopic tumors were implanted with pellets
designed to release 120 pmoles EB1089 per day. A similar reduction in tumor
vdoume was observed upon treatment with EB1089 in either subcutaneous or
OMthotopic tumors. In mice implanted with EB1089 pellets, tumor volumes
decreased gradually over the four weeks of treatment. Tumor volumes after four
eeks was significantly (P<0.001) lower in the EB1089 treated groups (99.7±+61.3

nrmi) than in the control placebo group (656.5±321.05 mm3). In addition, several
tumors completely regressed in response to EB1089 treatment. Morphological
analysis of SUM-159PT tumors from mice treated with 120 pmole EB1089 or
Oplacebo was accomplished after staining with hematoxylin and eosin. Tumors from
placebo treated mice were primarily composed of dense tumor epithelial cells, with

Simall amounts of mouse-derived stroma, frequent blood cells and numerous
mitotic figures. In contrast, tumors from mice treated with 120pmoles EB1I089/day
46displayed an increased percentage of stroma, loss of epithelial cells, few mitotic

"tigures and in many areas, epithelial cells with classic apoptotic morphology were
Observed. To determine whether the changes in SUM-159PT tumor morphology

I •uced by EB1089 were associated with alterations in mitotic or apoptotic index,

We exarnined expression of PCNA as a marker of proliferation and DNA
fragmentation (assessed as TUNEL-positive cells) as a marker of apoptosis.
Analyses of DNA fragmentation indicated that tumors from EB1089 treated mice

xhibited apoptotic morphology and an increased number of TUNEL-positive cells

cOmpared with tumors from control mice. In addition to induction of apoptosis,
:E81O89-treated tumors exhibited a decrease in proliferation, as measured by

PONA. Our data demonstrating induction of apoptosis and decrease in
Pr0liferation in EB1 089 treated SUM-159PT tumors correlates with our in vitro data
loht 1,25(OH) 2D3 and EB1089 induce apoptosis and cell cycle arrest in SUM-

T;,S9• cells.
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Our data are the first to show apoptotic tumor regression of ER-independent brea,
tumors by the vitamin D analog EB13089, and are consistent with previous rep0q
of tumor regression and apoptosis in the ER-dependent MCF-7 tumors (4). o•r
work also shows that sensitivity of breast tumors to the vitamin D analog EB108g a
vivo is not diminished during progression to estrogen independence.

Our in vivo studies further demonstrated that SUM-159PT cells were metastatic
after inoculation into the mammary fat pad of ovariectomized nude mice, consistent
with the expression of metastatic markers and in vitro invasiveness. Micro.
metastases were observed in the lymph nodes, muscle area surrounding the
mammary fat pad, lungs and liver, Metastatic spread was not observed when
SUM-159PT cells were inoculated subcutaneously. Therefore, implantation of
tumor cells into anatomically appropriate (orthotopic) sites, rather than
subcutaneously, allowed for the metastatic potential of SUM-1 59PT cells.

Very few studies have addressed the potential effects of vitamin D compounds on
invasion and metastases in any cancer type but in the few studies that have been
carred out, vitamin D compounds have been implicated in the regulation of
angiogenesis, invasion and metastasis (5). In SUM-159PT cells 1,25(OH) 2D3 and
EB1089 induced 65% and 80% reductions respectively in invasive potential
compared to EtOH treated cells. These effects were independent of the anti-
proliferative effects of the compounds. Our results have further demonstrated a
reduction in the numbers of mice exhibiting secondary tumors after treatment with
EB1089, indicating a direct effect of EB1089 on metastases. Further investigation
on the effects of EB1089 in preventing SUM-159PT metastases in vivo would
clearly be of interest.

These data demonstrate that vitamin D compounds may inhibit both growth of
primary tumors and metastasis of breast cancer cells, and may in the future prove
to be highly useful in the clinical setting, alone or in conjunction with other agents,
in the treatment of metastatic breast cancer.
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AI-stract promoted to a 10 min presentation at the Eleventh Workshop on Vitamin D in Nashville, TN, May 27-
Junel, 2000.

VITAMIN D AND METASTATIC BREAST CANCER L. Flanagan, B. Juba and J. Welsh, University College
Dublin, Belfield, Ireland; University of Notre Dame, IN 46556.

Breast cancer remains one of the most common malignant diseases in women in both North America and
Western Europe. Therapies for the most aggressive of breast cancers, estrogen independent tumors, are severely
limited and the development of novel therapies is hindered by the lack of available model systems. In these studies
we present a potential model system for the investigation of estrogen independent breast cancer. SUM-159PT cells
are a human breast cancer cell line, epithelial in origin that lack ER expression as detected by western blot and
ligand binding assays. Furthermore, SUM-1 59PT cells injected subcutaneously or orthotopically are tumorigenic in
ovariectomized nude mice. We have demonstrated that SUM-159PT cells are capable of invading through an 8pM
Matrigel membrane, exhibit a stellate morphology in Matrigel, express high levels of vimentin, do not express E-
cadherin, all of which are the hallmarks of a metastatic phenotype. Utilizing the SUM-159PT cell line stably
transfected with pEGFP-Ci (enhanced green fluorescent protein) we have been able to successfully track the
metastatic spread of SUM-159PT cells in vivo. Metastatic spread has been detected in the lymph nodes, lungs,
liver, kidney and brain of athymic nude mice by PCR analysis and fluorescence microscopy. Thus SUM-159PT
cells represent an excellent model for the investigation of human ER independent breast cancer. Both 1,25(OH)2D3
and its analog EB1089 significantly reduce SUM-i59PT cell number, increase the number of cells in the G0/G1
phase of the cell cycle, upregulate p21, p27 and cathepsin B. The inhibition of cell cycle is followed by induction
of the apoptotic pathway as detected by in situ end labeling and translocation of bax from the cytosol to the
mitochondria upon treatment with 1,25(OH)2 D3. When SUM-159PT tumor bearing nude mice are implanted with
pellets designed to release i20pmoles EBI089 per day, a significant reduction in tumor volume is observed after 5
weeks of treatment with several mice showing complete tumor regression. The reduced growth of tumors from
EB1089 treated mice is associated with characteristic apoptotic morphology, an increase in DNA fragmentation
(measured by in situ end labeling), and a reduction in proliferation (measured by PCNA) relative to contol tumors.
Of particular interest in the invasive SUM-1 59PT tumors, EB1089 not only affects the size of the primary tumor
but also reduces the numbers of mice with secondary tumors. These studies provide preliminary evidence that
1,25(OH)2D3 and its analogs may diminish the metastatic capability of human breast cancers. (Support: AICR-
98A100; DAMD-17-99-i-9337)
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Presented at the ENDO 2001 meeting, Denver and at the Walther Cancer Scientific Retreat,
Michigan

Detection and Mechanisms of Human Breast Cancer Metastases in Vivo
Louise Flanagan, Yao Wang, JoEllen Welsh and Martin Tenniswood, Department of Biological Sciences,
University of Notre Dame, IN 46556

The early stages of tumor progression and micrometastasis formation are difficult to analyze due to the inability to
identify small numbers of tumor cells against a background of many host cells. We have developed an orthotopic
xenograft model in estrogen receptor (ER) negative breast cancer using the human SUM-159PT cell line, which
metastasizes to the lymph nodes, muscle and liver of nude mice. The extent of metastasis detected by
histochemical methods is likely an underestimate since small metastatic foci cannot be accurately detected. To
develop a model with enhanced resolution of micrometastases we created a stable cell line expressing green
fluorescent protein (SUM-159PTGFP). After orthotopic implantation, SUM-159PTGFP cells can be visualized by
fluorescent microscopy in the mammary fat pad as well as distant micrometastases in nude mice including the
lymph nodes, lungs, liver and to a lesser extent, in the brain and kidney, without fixation. Metastases are
detectable as early as 2 weeks after inoculation of SUM-159PTGFP cells. We have also shown that PCR and
Southern blot analysis further enhance the sensitivity of GFP detection in primary tumors and metastatic sites. To
determine if metastasis involves the co-operative intravasation and/or extravasation of invasive and non-invasive
epithelial cell types, we have also isolated sub-lines of the non-invasive MCF-7 and invasive SUM-159PT cell
lines that have been stably transfected with different genetic markers (pEGFP-C I, pCDNA6-VS/His A, pCDNA6-
myc/His A). We have orthotopically inoculated nude mice with a mixture of MCF-7GFP and SUM-159PT-V5/His
A cells and we are following the progression of metastasis using fluorescent microscopy and PCR to determine
whether the non-invasive MCF-7GFP can be detected in distant metastases associated with V5/His tagged SUM-
1 59PT cells. These experiments will determine whether the co-operative interaction between ER-positive and ER-
negative cells during intravasation and extravasation may contribute to the established heterogeneity of metastatic
breast cancer.
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CoMW13NATlION TREATMENT OF MCF-7 XENOGRAFTS WITH THE VITAMINoIANALOG E31089 AND ANTIESTROGENS.

IC packman, L. Flanagan, G. Zinser, R. Mitsch, M. Tenniswood and J. WelshDepartment of Biological Sciences, University of Notre Dame, Notre Dame, lNroductiof Our lab has shown antiestrogens have an additive effect on EB1089induced apoptosis in MCF-7 cells in vitro. In the Present studies, the ability ofc.obined therapy with antiestrogens to potentiate the anti-tumor effects ofFj3 EB10 89 in vivo was investigated. A breast cancer model was utilized withestablished, rapidly growing tumors in the continuous presence estradiolthroughout treatment. Combined treatment of MCF-7 xenografts with EB1089
andeither the partial ER agonist tamoxifen or the pure ER antagonist ICI182,78 0was. compared. Previous studies with xenografts derived from MCF.7D3Rf cells-dermonstrated the tumors were resistant to the growth inhibitory properties of..EBI89. Studies of MCF-7D3R=e cells in vitro demonstrated that although MCF-:jwRs cells were resistant to EB1089, they Were sensitive to antiestrogens andnatiestrogen induced apoptosis was Potentiated by co-incubation of cells withEB1089. The current studies examined whether tumors derived MCF_7TI3Res cellsexhibited comparable sensitivity to antiestrogen induced apoptosis in vivo, andwhether combined treatment of MCF-7, 3 a xenografts with EB1089 andtamoxilen or ICI 182,780 would produce additional anti-tumor effects.Materials and Methods In all studies, ovariectomized NCr nu/nu mice wereimplanted sc with 1.7 mg 17 1-estradiol sustained release pellets (Innovative

Research). Mice were inoculated sc in the flank region with approximately 5 x 106
MCF-7 or MCF-7 03P-s cells suspended in 0.3 ml Matrigel/ aMEM. After threeweeks, mice bearing tumors with volumes averaging approximately 200 mm 3were randomized for treatment. Treatments and duration for each experiment arelocated in the corresponding figures or figure legends.After treatment was completed, tumors were removed from mice, formalin-fixed, paraffin embedded, and sectioned at 5 pM. Mitotic index and apoptoticindex were assessed by quantitative morphometric analysis of proliferating cellnuclear antigen (PCNA) expression and in situ terminal transferase mediatedifuorescein dUTP nick end labeling (TUNEL), established markers of proliferationand apoptosis. PCNA expression and TUNEL were quantitated by viewing andPhotographing four random fields of each tissue section with a brightfieldnicroscope and 40x objective. Photographs were taken with a digital camera,an werneeaalYZed with the Zeiss KS 300 Imaging Analysis software To detectvitamin D receptor (V9R) expression tissue sections were incubated with an anti-VDR (clone 9Ae7) monoclonal antibody. To detect estrogen receptor (ER) orProgesterone receptor (PR) expression, sections were incubated with an anti-ER(cone 6F 11) or anti-PR (clone oA6) monoclonal antibody. The ABC technique"' used to develop VDRe ER, or PR staining followed by the substrate DAB.

ER, PR, and VDR expression were evaluated by utilizing a qualitative scale withsections receiving a score from for highest staining, to (-) for no staining.
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Tumor growth data are expressed as the mean + SE. Differences betwe.,
means were considered significant when p<0.05. Statistical comparisons were
performed using the Kruskal-Wallis ANOVA. Post-test comparisons between
groups were made using the Dunn test.

Results
30M- 3000
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Figure 1. Effect of EB1089, tamoxifen, Figure 2. Effect of EB1089, tamoxifen,
or combination treatment, on MCF-7 or combination treatment, on MCF..7
tumor volume. Tumor volume of MCF-7 tumor volume. Tumor volume Of MCF-7
xenografts treated with either vehicle + xenografts treated with either vehicle +
placebo (control) (n=8) 45 pmol EB1089 placebo (control) (n=9) 25 pmol EB1089
3x/ week (n=10), 15 mg/ 35 days 3x/ week (n=1 1), 7.5 mg/ 42 days
tamoxifen (n=7), or both EB1089 and tamoxifen (n=10), or both EB1089 and
tamoxifen (n=10), *p<0.05 for E131089, tamoxifen (n=1 2), *p<0.05 for EBI 089 +
tamoxifen, and EB1089 + tamoxifen, tamoxifen, compared to control.
compared to control.

_-Control Cotl

-- Efl119 -E18

0 ,.,U 
-.- ICI 1812780

a2 -El'IO89+1Ci 182,780

Fure 3E14.:383 Effec of8 EB09 dFgr .EffCI of8 E1,7910

182,780,eor cmiatio reattment ,n1270 or ek cobntontreatment ,O

MCF-7 tumor volume. Tumor volume of MCF-7D3Res tumor volume. Tumor
MCF-7 xenografts treated with either volume of MCF-7 D3R- xenograftS
vehicle + placebo (control) (n=1 1) 25 treated with either vehicle + placebo
pmol EB1 089 3x/ week (n=1 1), 10 mg/ (control) (n=1 3) 25 pmol EB1 089 3Id
35 days ICI 182,780 (n=8), or EB1089+ week (n=13), 10 mg/ 35 days 101
ICI 182,780 (n=14), *p<0.05 for 182,780 (n=13), or both EB1089 and
E131089, and EB1089 + ICI 182,780, ICI 182,780 (n=12).
compared to control.
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0% cells Control EI09 Tamnoxifen EB + Tam
A. 66.11 ± 3.26 62.97 ± 1.26 61.54 ± 2.71 45.08 ± 4.38*'

pCNA n=6 n=8 n=9 n=10
TUNEL 2.35 ± .40 29.74 ± 4.9* 15.89 ± 3.12* 23.70 ± 4.13*

n=9 n-1 n=9 n=10
% Cells Control EBI1089 ICI 182,780 EB + ICI

B. 67.15 ± 2.91 55.65 ± 3.06 54.63 ± 3.22 35.97 ± 2.35*
PCNA n=1O n-10 n=10 n--10

TNL 3.31 ± 1.09 21.37 ± 6.33* 25.48 ±4.09*156 4.8

n=10 n--10 n=10 n=10

Tal .Quantitation of PCNA expression and DNA fragmentation in MCF-7
;ujis. Data are expressed as percentage of cells positive for PCNA or DNA

NO gmentatiofl. A. Tumor sections from mice treated with vehicle, 25 pmol EBi 089
3Ik, 7.5 mgl 42 days tamoxifen, or EBi 089 + tamoxifen for 6 weeks. B. Tumor

.6t`ins from mice treated with vehicle, 25 pmol EB1089 3xlwk, 10 mg/ 35 days
ICI 182,780, or E131089 + ICI 182,780 for 5 weeks. *p<0.05 compared to control.
sl'ýso.O 5 compared to EB1089 and ICI 182 ,780.

jVDR ...4 ..-4 ++ VDR .... ...I ++

A. Control 22% 67%/ 11% B. Control 31% 54% -15%

EB1P089 55% -36% 9% EB1089 45 36 18
jTamnoxifen 50%/ 40% 10% lCl182,780 30% 50% 20%

EB1089 + 27% 64% 9% EB1089 + 29% 3% 36%
Tamoxifen ___ __ __ C1182,780_________

Tal 2. Effect of EB1089, antiestrogen, or combination treatment, on relative
VDR expression in MCF-7 xenografts. Data are expressed as percentage of
tumors wYth relative VOIR expression. A. MCF-7 xenografts were treated for 6
weeks with either vehicle (n=9), 25 pmol EBi 089 3x/ week (n= 11), 7.5 mgl 42
days tamoxifen (n=10), or both EB1089 and tamoxifen (11). B. MCF-7 xenografts
were treated for 5 weeks with either vehicle (n=13), 25 pmol EB1089 3x/ week
(n=11), 10 mg/ 35 days lCI 182,780 (n=10), or both EB1089 and ICI 182,780

ER +++ +4. + PR +++ -H. + I.

A.Control 560% 22% 22% A. Control 56% 22% 22% 0% 0%
IB-1089 36% 45% 18% E131089 36% 18% 9% 9%/ 27%
TaMoxifen 50% 40% 10% Tamnoxifen 30% 40% 10% 10% 10%
+E81089 +4 50% 420/ 8% EB1089 +4 42% 33% 8% 0 17%
Tamoxifen Tamnoxifen __ ____

lL Control 64%1/ 21% 14%/ B. Control 43% 21% 14% 14% 7%
E1B10B9 42% 42% 17% EB1089 33% 25% 8% 17 17%

lC1182,7 80 46%f -/ 39% 15 C1182,780 31% 31% 8% 8% 23%
EB1089,+ 36% 43% 2% EB1089 + 21% 21% 21% 0 6

lC1182,780 21%_ 1C18,8 ____ 00/6_ 36%_ 1__ _

abe3.Effect of ES 1089, antiestrogen, or combination treatment, on relative ER
'and PR expression in MCF-7 xenografts. Data are expressed as percentage of
turmors with relative ER or PR expression. A. MCF-7 xenog rafts were treated for 6
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weeks with either vehicle (n=9), 25 pmol EB1089 3x/ week (n=11), 7.5
days tamoxifen (n=10), or both EB1089 and tamoxifen (n=12). 8.
xenografts were treated for 5 weeks with either vehicle (n=14), 25 prnol EBIC

3x/ week (n=12), 10 mg/ 35 days ICI 182,780 (n=13), or both EB1089 and
182,780 (n=14).

Discussion Our previous studies have shown that both the partial agonis,
tamoxifen and the pure antagonist ICI 182,780 can potentiate EB1089 induced
apoptosis in MCF-7 and MCF-7D3R' cells in vitro. We have also demonstrated
that EB1 089 exerts anti-tumor effects in MCF-7 tumors by inducing apoptosis. 1n
the current studies, we demonstrated that EB1089 is as effective as
antiestrogens, the endocrine therapy of choice, in MCF-7 tumor growth inhibition.
In contrast to in vitro studies however, results of combination studies in •Vo
indicated that additive effects on MCF-7 and MCF-7D3RF tumors could not be
observed with EB1089 in combination with either tamoxifen or ICI 182,780.
Mitotic index demonstrated some enhancement of anti-tumor effect with EB1089
+ antiestrogens over single treatments alone in MCF-7 tumors however, the
relevance of these small differences is questionable, since overall changes in
tumor volume and weight were minimal. Regardless of how these small
differences are interpreted, a much larger effect on anti-tumor activity was
anticipated with combination treatment based on in vitro studies.

Studies of ER and PR expression in MCF-7 xenografts after treatment with
EB1089 and antiestrogens implicated down-regulation of the ER growth
regulatory pathway as a mechanism of action for EB11089. Comparison of ER and
VDR regulation with combination treatment in vitro and in vivo indicates that ER
down-regulation is maintained in vivo, whereas VDR up-regulation is absent in
vivo. Thus, upregulation of VDR with combination treatment may be necessary
for additive anti-tumor effects. Supported by AICR 98,A100 and DAMD17-97-1-
726.
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Summary

Breast cancer remains one of the most common malignant diseases in women in North America and Western
Europe, yet therapies for the more aggressive estrogen independent tumors are limited and few model systems are
available for the study of this type of breast cancer. In these studies, we characterized a novel estrogen independent
breast cancer cell line, SUM-159PT. SUM-159PT cells are epithelial in origin, demonstrated by expression of
cytokeratin 18. SUM-159PT cells are estrogen independent, demonstrated by lack of estrogen receptor (ER)
protein and ER ligand binding studies. Furthermore, SUM-159PT cells injected subcutaneously or orthotopically
are tumorigenic in ovariectomized athymic nude mice in the absence of estradiol supplementation. SUM-159PT
cells are capable of invading through an 8 iim Matrigel membrane and display a stellate morphology in Matrigel,
indicative of a metastatic phenotype. Correlating with this phenotype, we have detected secondary tumors upon
inoculation of SUM-159PT cells into the mammary fat pad. To further investigate the metastatic potential of
the SUM-159PT cells, we examined the expression of two proteins, vimentin and E-cadherin, implicated in the
transition of carcinoma cells to a metastatic phenotype. Western blot and immunohistochemical analysis demon-
strated that both SUM-159PT cells and xenografts express vimentin. No expression of E-cadherin was detected in
SUM-159PT cells. Our data indicate that despite estrogen independence, SUM-159PT cells are growth inhibited
in vitro by compounds such as 1,25(OH)2 D 3, transforming growth factor P3 (TGF-[3), and the phorbol ester TPA.
These studies indicate that SUM-159PT cells represent a good model system for the study of late stage estrogen
independent, invasive breast cancer.

Introduction ized by invasive/metastatic foci, and become resistant
to endocrine manipulation and chemotherapeutic in-

Breast cancer is one of the leading causes of death tervention [2-4]. The development of a metastatic,
among women in North America and Western Europe, hormone independent, and drug-resistant phenotype
despite intense efforts to develop more effective is largely responsible for the high percentage of treat-
chemo- and hormonal therapies. Although five-year ment failures among breast cancer patients.
survival rates for localized and regionally spread Recent studies have linked vimentin expression,
breast cancer has improved, the survival rate for wo- an intermediate filament protein normally present in
men with distant metastases is only 20% [1]. Many cells of mesenchymal origin, to poor prognosis, high
breast tumors appear to follow a predictable pattern, growth fraction, and poor differentiation grade [5-
being confined initially to local structures, responsive 7]. There has also been a strong correlation between
to endocrine manipulation and/or sensitive to cyto- vimentin expression, low levels of keratins, and in-
toxic chemotherapy. However, many of these tumors vasiveness in both the Matrigel outgrowth assay and
progress to a more malignant phenotype, character- the Boyden chamber invasion assay [8, 9]. Loss of
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cell-cell adhesion in carcinoma cells may be an ima- Michigan Human Breast Cancer Cell/Tissue Bank
portant step in the acquisition of an invasivc metastatic 1151. SUM-15 9PT cells were cultured in Ham's F-
phenotype, and the expression of some cell adhesion 12 medium (Life Technologies Inc. Gaithersburg.
molecules such as E-cadherin is frequently reduced MD) containing 10miM HEPES, 5 itg/ml insulin.
in invasive cell lines 110. 11]. Indeed fibroblastic, I mg/mIl hydrocortisone (Sigma. St. Louis. MO), and
highly invasive virmentin-expressing breast cancer cell 5% charcoal-stripped serum (Hyclone, Logan. Utah).
lines do not express E-cadherin and express a stellate MCF-7 cells, which were used as a well-characterized
morphology in Matrigel 19, 121. ER positive control cell line, were cultured in u-

Probably because investigators have wanted to MEM medium (Life Technologies) containing 25 mM
work with cells with a clear phenotype, breast can- HEPES and 5% fetal bovine serum (Life Technolo-
cers showing high vimentin expression and low keratin gies). MDA-MB-231 cells, which were used as an ER
expression have been less intensively studied and char- negative cell line, were cultured in u-MEM medium
acterized. Hence. to date, there are few good models containing 25 mM HEPES and 5c/ fetal bovine serum.
for the study of ER-negative, hormone independent Cells were routinely passaged every 4-5 days.
breast cancer. For SUM-159PT cell proliferation experiments.

In this report. we describe and characterize, in vitro cells were plated at a density of either 2 or 4 x
and in vivo. the growth of a novel estrogen independ- 103 cells ml per in medium containing 5% charcoal
ent human breast carcinoma cell line. SUM-159PT. stripped serum. Treatments with 1,25(OH) 2D3 (Bio-
SUM-159PT cells along with I I other human breast mol. Plymouth Meeting. PA). TPA. TGF-13I (Sigma).
cancer cell lines were developed at the University of or ethanol vehicle were initiated on the day follow-
Michigan cell/tissue bank. where extensive informa- ing plating. For quantitation of total cell number, cells
tion about the phenotypic and genotypic properties of were fixed with I%1c gluteraldehyde for 15 rmin. incub-
these cell lines is available. This resource of well- ated with 0.1A crystal violet for 30main. destained
characterized cell lines is likely to be useful in the with H20, and solubilized with Triton X-100. Ab-
search for novel breast cancer associated genes 1] 3, sorbance at 600 nm was determined on a microplate
14]. In contrast to most ER-negative breast cancer cell reader.
lines, which were isolated from pleural effusions and The Matrigel outgrowth assays were performed as
have been in continuous culture for many years. SUM- described in 161. Briefly, cells were harvested, pel-
159PT cells were developed friom a primary anaplastic leted, and resuspended in cold Matrigel (Collaborative
breast tumor, cultured in a selective defined growth Biomedical, Waltham. MA) (I x 105 cells per 0.2 ml),
medium, and were available at early passage. In this and then quickly added to a preset Matrigel layer in a
report. we demonstrate that SUM-I159PT cells reprcs- 24-well dish. The top layer was gelled for 30 mini in
ent an invasive metastatic cell type which expresses the incubator, and then covered with culture medium
vimentin but not E-cadherin and displays a stellate (0.5 ml), incubated, and fed as for monolayer cultures.
morphology in Matrigel. The SUM-I 59PT cell line Cells were allowed to grow for approximately 10 days
is sensitive to a number of growth inhibitory comn- in culture and then photographed.
pounds such as 1 25(OH) 2D3, TPA, and TGF-ý. We For the biocoat Matrigel invasion assay (Fisher
postulate that SUM-159PT cells represent an excel- Scientific. Pittsburgh, PA) both MCF-7 and SUM-
lent model of estrogen independent, metastatic human 159PT cells were plated at 100.000 cells per nil in
breast cancer. each 8 Itm Matrigel chamber and allowed to grow for

24 h. Assays were carried out in triplicate and control
inserts (without Matrigel) were used for each cell line.

Materials and methods After 24 h growth, the Matrigel was removed fr-om the
inserts and the cells at the base of the rniembrane were

Cell culture, viability. Matrigel outigrowth and fixed using 1% ( ghuteraldehyde for 15 rain. stained with

invasion assays ai0.1/c( crystal violet for 30rain, and destained with
H2 0. Membranes were allowed to dry' and numribers

The SUM-159PT iunian breast cancer cells used in of invasive cells were quantitated by viewing random
this study were isolated friom an anaplastic primary fields of each membrane using a Nikon Optiphot-2
carcinoma using published procedures, and are avail- microscope. The pcrcentage of cells invading was cal-
able at early passage through the University of culated by dividing the numnber of invasive cells in the
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Matrigel membranes by the number of cells invading were separated on SDS-PAGE, transferred to nitro-
in the control inserts. cellulose, and blotted with monoclonal anti-ER (No-

vocastra Laboratories, NewCastle Upon Tyne, UK),
Estrogen receptor function followed by horseradish peroxidase-conjugated anti-

mouse Ig (Amersham). The cytokeratin 18 blot was
Binddig of 3 H-1nucl -estradiol was measured in trip- quantitated by scanning on a laser densitometer, and

liPTae nd nuclr extracts promp untreated i Suf- data are given as the fold difference of MCF-7 samples1 59PT and MCF-7 cells prepared in KTED buf- ovrUMl9Tsme.

fer (10rmM Tris-HC1, 300rmM KC1, 1 mM EDTA,

10 mM Na-molybdate, and protease/phosphatase in- Nude mouse xenograft model
hibitors). After centrifugation at 105,000 x g for
45 min, 1.5 mg/ml of supernatant protein was in- Six-week-old ovariectomized female NCr-nu mice
cubated with increasing concentrations of 3H- 170- (Taconic Farms, Germantown, NY) were used as hosts
estradiol (0.5-2nM) (Amersham Life Science, Buck- for SUM-159PT xenografts. SUM-159PT cells were
inghamshire, England) for 21 h at 4°C. Nonspecific trypsinized and resuspended in medium. After cent-
binding was determined using a 250-fold excess of rifugation, cells were resuspended in Matrigel/Ham's

cold diethylstilbestrol (DES) (Sigma). Bound and free F-12 media (4:1). SUM-159PT cells were either in-
hormone were separated by addition of dextran-coated jected subcutaneously (4 x 106 cells per injection)
charcoal, incubation for 15 min, and centrifugation at or orthotopically (1 x 106 cells per injection) in the
3500 x g for 15 min. Bound 3H-17p3-estradiol in the mammary fat pad. At both sites, the tumor take rate
supernatant was counted in a Beckman scintillation was approximately 90%. Tumor volumes were mon-
counter. Data are expressed as femtomoles 3H-17F- itored weekly by caliper measurements of the length,
estradiol bound per milligram protein and represent width, and height and were calculated using the for-
the means of triplicate determinations after subtraction mula for a semi-ellipsoid: (4/3)7rr 3/2. After 11 weeks,
of nonspecific binding from total binding, mice were euthanized and tumor samples were re-

moved and processed for general morphology and
Western blot analysis of VDR, ER, cytokeratin 18, immunohistochemistry.
vimentin, and E-cadherin

For analysis of cytokeratin 18, vimentin, and E- Histological analysis of cells and tumors

cadherin, cells were plated in 150 cm 2 flasks at 4 x 103 For vimentin localization, 5 kM formalin fixed
cells per ml and allowed to grow for approximately paraffin-embedded sections were incubated with
96 h. Equal amounts of protein from SUM-i 59PT and mouse monoclonal anti-vimentin (Novocastra Labor-
MCF-7 cell lysates (approximately 50-75 jig) were atories) at a 1:50 dilution for 2h in 1% BSA-PBS.
separated on SDS-PAGE, transferred to nitrocellulose, A biotin-conjugated antibody to mouse IgG (Vec-
and immunoblotted with a monoclonal antibody to tor Laboratories, Burlingame, CA) was applied at
cytokeratin 18 (Sigma), vimentin (Novocastra Labor- a 1:200 dilution for 30min in 1% BSA-PBS. The
atories), or E-cadherin (Transduction Laboratories, ABC technique was used (avidin and biotinylated
Lexington, KY). After incubation with secondary an- horseradish peroxidase complex, Vector), followed by
tibody (horseradish peroxidase-conjugated antimouse diaminobenzidine (Sigma) to localize peroxidase in
Ig), specific bands were detected by enhanced chemi- the sections, and the sections were counterstained with
luminescence using products from Pierce (Rockford, hematoxylin (Harris modified, Fisher). Tumors were
IL). For VDR, proteins were precipitated from high viewed and photographed using a Nikon Optiphot-2
salt nuclear extracts derived from SUM-159PT cells microscope and Nikon Microflex UFX-IIA photomic-
treated with ethanol or 100nM 1,25(OH)2D3 for 48, rographic attachment (Nikon Corp., Melville, NY).
72, or 96 h. Proteins were separated on SDS-PAGE,
transferred to nitrocellulose, and blotted with mono- Statistical evaluation
clonal anti-VDR (Neomarkers, Fremont, CA), fol-
lowed by horseradish peroxidase conjugated anti-rat Data are expressed as the mean ± SE, with the num-
IgG. For ER, proteins were precipitated from high ber of replicates indicated in the figure legends. One
salt nuclear extracts derived from untreated MCF- way analysis of variance was used to assess statist-
7, SUM-159PT, and MDA-MB-231 cells. Proteins ical significance between means. Differences between
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J

Cytokeratin 18 -- "11

SUM-159PT MCF-7
Fi,',me 1. Expression of cytokeratin 18 in SLIM-I59PT cells. Cell lysates derived from untreated SUM-I59P[ and MCF-7 cells were separ-
ated on 12.5% SDS-PAGE. transferred to nitrocellulose. and blotted with a mlouse monoclonal antibody iigainst cytokeratin 18. Horseradish
peroxidase (HRPI-conjugated secondairy antibody was detected by chemihuminescence. Bhlt is representative of three independent experiments
(n > 3).

ER ----- >

MCF-7 SUM-159PT MDA-MB
-231

Figore 2. Estrogen receptor status in SUM-159PT cells. High salt nutclear extracts prepared from untreated MCF-7. SUM-I 159PT. and
MDA-MNB-231 cells were so)lubilized in Laemlli buffer, separated on 10/, SDS-PAGE. transferred onto ntitrocel I u lose, and imnmunoblotted
with a mouse monoclonal antibody' directedi against the estrogen receptor (66kDa). FIRP-conjugated secondary antibody %%as detected by
chemiluminescence. Blot is representative of two independent experiments (n • 2).

samples were considered significant at P < 0.05 (*) Estrogen receptor
and P < 0.001 (**) using the GraphPad Instat corn- SUM-159PT cells were isolated from an anaplastic
puter program (Intuitive Software for Science, San carcinoma of the breast, which generally predicts a
Diego. CA). poor prognosis for the patient. To determine whether

this cell line was estrogen dependent. we examined
the ER status of SUM-159PT cells in comparison

Results to the ER-positive MCF-7 cells and the ER-negative
MDA-MB-231 cells. Using western blot analysis, we

Origin and ER status of SUM-159PTcells demonstrated that the SUM-159PT cells lack the ER
protein, which corresponds with lack of ER expression

Cytokeatint 18 in the ER-negative MDA-MB-231 cells. In contrast.
Cytokeratins are specific markers of epithelial cell dlif- the MCF-7 ER-positive cells express the ER protein
ferentiation and cytokeratin 18 is the primary type I at the expected molecular weight of 66 kDa (Figure
keratin expressed in simple epithelial cells. It has been 2). Furthermore. ligand binding studies performed
previously described that many undifferentiated car- in triplicate, using MCF-7 cells as positive control,
cinoma cells exhibit undetectable or reduced levels of demonstrated no estradiol binding in SUM-159PT
cytokeratins [9, 12, 16]. We thus compared the expres- cells ovcr a range of 31H- 17[-estradiol concentrations
sion of cytokeratin 18 in the SUM- 159PT cells to the of 0.5-2 nM (Table 1).
well differentiated. epithelial MCF-7 cells. On west-
ern blots of cell lysates we observed that SUM-I 59PT Vitentin antd E-cadherin e:pre.ssion in
cells express cytokeratin 18 at the expected molecular SUM-159PT/MCF-7 cells
weight of 45 kDa; however, the level of expression is
approximately nine fold lower than that of the well di f- Vinlentin
ferentiated MCF-7 cells (Figure 1). This data confirms Vimentin filaments have been detected in primary hu-
that the SUM-i 59PT cell line is epithelial in origin. man breast tumors by immunohistochetnistry. and are
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Table 1. Estradiol binding in SUM-159PT and MCF-7 negative control. As depicted in Table 2, 45% of the
cells over a range of 

3
H-17p-estradiol concentrations

(0.5-2 nM) SUM-159PT cells were capable of transversing the
Matrigel membrane after 24 h, in contrast to the low

0.5 nM 1 nM 2nM invasiveness of MCF-7 cells.

SUM-159PT 0 0 0

MCF-7 43.4 ± 2.1 43.9 ± 1 46.2 ± 0.7 Growth of SUM-159PTand MCF-7 cells in Matrigel
Previous studies have correlated a stellate, invasive4 High salt extracts were derived from SUM-159PT and

MCF-7 cells, and the ligand binding assay was carried out morphology of cancer cells embedded in Matrigel
"as described in Materials and methods. Data are expressed with their metastatic potential [19]. As depicted in
as fmol ligand bound per milligram nuclear extract protein. Figure 5, SUM- 159PT and MCF-7 cells exhibit dis-
These data are representative of two independent trials, tinct morphological responses when grown in Matri-
each assayed in triplicate, gel. The invasive, stellate morphology characteristic

of invasive cells was observed in Matrigel cultures of
expressed more frequently in ER-negative tumors than the ER independent, vimentin-positive SUM-159PT
ER-positive tumors [17]. Overexpression of vimentin cells. In contrast the ER-dependent, vimentin-negative
has also been associated with enhanced motility and MCF-7 cells formed smooth spherical colonies, char-
invasiveness in vitro [6, 8, 18]. On western blots of acteristic of non-invasive cells.
cell lysates derived from untreated cells, we observed
abundant expression of vimentin at the expected size Growth kinetics of SUM-159PT tumors
of 57kDa in the SUM-159PT cell lysates, but no
expression was observed in the ER-dependent MCF- Several groups have now shown that human breast
7 cells (Figure 3, top). In addition, vimentin was cancer cells implanted orthotopically in the mammary
detected by immunohistochemistry in SUM-159PT fat pad of nude mice exhibit enhanced tumorigenicity
xenografts, localized to the membrane and cytosol and metastatic potential compared to cells inoculated
(Figure 3, bottom). In contrast, no vimentin expression subcutaneously [20-22]. There is also extensive lit-
was detected by immunohistochemistry in the MCF-7 erature showing that the mammary fat pad exerts
xenografts (data not shown). growth-modulating effects in normal, preneoplastic,

and neoplastic mammary epithelium [4, 23]. In this
E-cadherin study, growth kinetics of orthotopic SUM-159PT tu-
In a study of invasive ductal carcinomas, downreg- mors were measured in ovariectomized nude mice in
ulation or functional inactivity of E-cadherin at the the absence of estradiol supplementation. As depicted
cell surface was associated with high histologic grade, in Figure 6, SUM-159PT cells grew as tumors in the
increased invasiveness, and negative ER status [10]. mammary fat pad of athymic nude mice in the absence
Hence we assessed the expression of E-cadherin in of estradiol, indicative of their estrogen independ-
SUM-159PT, MCF-7, and A431 (positive control re- ence. The estimated doubling time for SUM-159PT
ceived from Transduction Laboratories) cell lysates. tumors in this experiment was 27 + 7.5 days, which
As indicated in Figure 4, no expression of E-cadherin is comparable to what would be observed in a rap-
was observed in SUM-159PT cell lysates. In contrast, idly growing human breast tumor. SUM-159PT tumor
the MCF-7 cells express E-cadherin at the expec- growth kinetics were similar to those observed in the
ted molecular weight of 120 kDa, consistent with a ER-negative MDA-MB-231 and MDA-MB-435 breast
non-invasive phenotype. tumors [20]. In a separate study where SUM-159PT

cells were inoculated subcutaneously, similar growth
Invasive capacity of SUM-159PT cells and tumors kinetics were observed (data not shown), although a

higher initial cell count per injection was required (see
In vitro chemoinvasion assay Materials and methods). In contrast to subcutaneous
To test invasiveness in vitro, both MCF-7 and SUM- cell injections, we only observed secondary tumors
159PT cells were analyzed in the Boyden chamber upon injection of SUM-159PT cells into the ortho-
chemoinvasion assay, in which the cells must penet- topic site. Preliminary analysis of tissue sections from
rate a uniform Matrigel barrier and transverse a porous peripheral organs indicated micro-metastases of SUM-
polycarbonate filter. SUM-159PT cells were tested in 159PT cells in the liver, lung, and lymph nodes (data
two experiments, each containing MCF-7 cells as a not shown). Collectively, these studies have provided
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Vimentin ft-'wm *&mp-,

SUM-i159PT MCF-7

Fo,'ure 3. Expression of vimientin in SUM-1 59PT cells. Top: Cell lysates derived from SUJM-I159PT and MCF-7 cells were separated on
10t/c SIDS-PAGE. transferred to nitrocel lulose. and blotted with a IouIs'e monioclonal anti body directed against humnan vinmentin (57 kDa).
HIRP-conjugated secondary antibody was detected by chemilumninescenee. Blot is representative of three independent experiments (n > 3).
Bottorn: Immunohistochemical expression of 'vimentin in SUM-1I59PT tumors. Sections were incubated with a mouse monoclonal antibody
directed against human vimientin and developed with the A13C technique as described in Materials and methods, Vimnentin expression appears
as brown membrane and cytoplasm ic staining.

E-cadherin -

SUM-159PT MCF-7 A431
Figure 4. Expression of E-cadherin in SLIM-159PT cells. Cell lysates detived from SUM 159PT. MCF-7. and A431 cells wvere separated
on 7.5%9 SIDS-PAGE. transferred to nitroMcellulose. arid blotted with a mIouseW monoclonal directed asainst humnan E-cadherin 1120 kDa I.
HRP-conjugatcd secondary antibody was detected by chemniluminescene. Blot is representative of two independent experiments which yielded
similar results In > 2).
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Table 2. Invasive activity of SUM-159PT and MCF-7 namely 1,25(OH) 2D3, TGF-pI, and TPA. Treatment
cells in vitro
cellsinvitroof SUM-159PT cells with 100nM 1,25(OH)2 D 3 for 7

SUM-159PT MCF-7 days resulted in a 70% reduction in viable cell number
relative to that of ethanol treated-control cells (Fig-

#Invasive cells 70.8 4.62.3 .3 :L 06 ure 8). Treatment of SUM-159PT cells with 10 ng/ml
(convaolinsiert c8TGF-PI caused an approximate 25% decrease in cell

(control insert) number, whereas treatment with 100 nM 1,25(OH) 2D3
Percentage of invasion 44.8 5.3

and TGF-PI resulted in a 90% decrease in cell num-
SUM-159PT and MCF-7 cells were analyzed in the ber as compared to ethanol control after 7 days of
Boyden chamber invasion assay. Assays were carried treatment (Figure 8).
out in triplicate and control inserts (without Matrigel)
were used for each cell line. Numbers of invasive cells Treatment of SUM- 159PT cells for 72 h with 0.1-
were quantitated by viewing random fields of each 100 nM TPA significantly reduced viable cell number
membrane and the percentage of cells invading was cal- relative to ethanol treated controls (Figure 9A). Co-
culated by dividing the number of invasive cells in the treatment of TPA with 100 ni 1,25(OH) 2D3 resulted
Matrigel membranes by the number of cells invading
in the control inserts. The data represent mean ± SEM in an approximately 85% reduction in viable cell num-
from five representative fields from each of three replic- ber within 72 h of treatment at any of the TPA concen-
ate filters. Both cell lines were tested in two independent trations (0.1-100 nM) (Figure 9B). This data confirms
experiments which yielded similar results, that although SUM-159PT cells are an invasive estro-

gen independent cell type, they retain sensitivity to a

evidence that SUM-159PT tumors are invasive and number of growth inhibitory compounds.
metastatic in vivo.

Effects of growth inhibitory compounds on Discussion
SUM-159PT cells

Metastatic spread of cancer continues to be the
VDR pathway greatest barrier to cancer cure. Understanding the mo-
Most breast cancer cell lines and more than 80% of lecular mechanisms of metastases is crucial for the
breast tumors contain high affinity intracellular recept- design and effective use of novel therapeutic strategies
ors for 1,25-dihydroxyvitamin D3 , the active hormonal to combat cancer. Therefore, it is important to have
form of vitamin D3 [24]. Unlike estrogen, which stim- good experimental models for the study of metastatic
ulates tumor growth, vitamin D3 and its analogs have breast cancer. This report describes the characteriz-
been shown to inhibit proliferation of breast cancer ation of a novel ER-independent model system for
cells in vitro [25-26]. We therefore wanted to test if the study of metastatic breast cancer. Our studies
SUM-159PT cells contained the vitamin D receptor have shown that no ER protein was detected in SUM-
(VDR). Using western blot analysis on nuclear ex- 159PT cells, correlating with lack of estradiol binding.
tracts derived from SUM-159PT cells, treated with Furthermore, SUM-159PT cells are tumorigenic in
ethanol or 100nM 1,25(OH)2 D3 for 48, 72, and 96h ovariectomized nude mice in the absence of estra-
(Figure 7), we have demonstrated that the VDR is diol supplementation, consistent with their estrogen
expressed in SUM-159PT cells at the expected size independence. Since altered regulation of a specific
of 53 kDa and that this receptor is upregulated upon subset or network of estrogen-related genes - pro-
treatment with 1,25(OH)2D3. Furthermore, using lig- gesterone receptor (PgR), pS2, and cathepsin D - in
and binding studies we have demonstrated that VDR the malignant progression of human breast cancer has
in SUM-159PT cells is capable of binding its ligand, been frequently observed, further assessment of these
1,25(OH) 2D3 (data not shown). These data suggest proteins in SUM-159PT cells would be of interest
that the VDR in SUM-159PT cells is functional. [27-28].

Our work has shown that the SUM- 159PT cell line
Effects of 1,25(OH)2D3, TGFI1, and TPA on growth is epithelial in origin, as determined by the expression
of SUM-159PT cells of cytokeratin 18. However, the levels of cytokeratin
Since the SUM-159PT cell line represents an 18 expression were considerably lower than those ob-
estrogen-independent invasive cell type, we examined served in the estrogen-dependent MCF-7 cells. Our
its sensitivity to known growth inhibitory compounds, results demonstrate that approximately 45% of SUM-
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SUM- 59PT MCF-7

Figure 5. SUM-159PT cell growth in Matrigel matrix. SUM-159PT and MCF-7 cells were cultured, harvested, and plated as described in
Materials and methods. Cells were photographed after approximately 10 days in Matrigel. Panels A and B: SUM-159PT cells at X40 and X20
magnification. Panels C and D: MCF-7 cells at X40 and X20 magnification.
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Figure 6. Growth of SUM-159PT cells in the mammary fat pad of athymnic nude mice. Ovariectomized nude mice without estradiol supple-
mentation were inoculated with I x 106 cells per injection in the mammary fat pad and grown for II weeks. Tumor volumes were monitored
weekly as described in Materials and methods. Each bar represents the mean ± SEM of tumors from 25 mice.
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EtOH 1,25-D3 EtOH 1,25-D3 EtOH 1,25-D3

48 72 96
Figure 7. Effects of 1,25(OH) 2D3 on VDR protein expression in SUM-159PT cells. SUM-159PT cells were treated with ethanol or 100 nM
1,25(OH) 2D3 for the indicated times. Nuclear extracts were separated on 10% SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with an antibody against the VDR (53 kDa). HRP-conjugated secondary antibody was detected by chemiluminescence. Blot is representative
of at least three independent experiments that yielded similar results (n > 3).
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Figure 8. Effects of 1,25(OH) 2 D3 and TGF-P1 on SUM-159PT cell growth. Cells were plated at a density of 2,000 cells per well in 24-well
dishes. On the day after plating, cells were treated with ethanol vehicle, 100nM 1,25(OH) 2D3 , or lOng/ml TGF-01 ± 100nM 1,25(OH) 2D3
for up to 7 days. Total cell number was determined by crystal violet as described in Materials and methods. Data represent mean ± SEM of
four values per time point. Similar results were obtained from at least two other independent experiments. *, P < 0.05; **, P < 0.001; ethanol
control vs treated.

159PT cells are capable of invading through an 8 [tm poor prognosis, low differentiation, lack of ER, and
Matrigel invasion chamber after 24h whilst exhib- high invasive capacity [6, 8, 18]. In contrast, the
iting a stellate invasive morphology in the Matrigel well differentiated MCF-7 cells did not express vi-
outgrowth assay. In contrast, the non-invasive MCF- mentin. Clinical data suggests that the mean survival
7 cells formed smooth spherical colonies in Matrigel time is highest in patients bearing tumors negative
cultures and were minimally invasive in vitro. These for vimentin and positive for hormone receptor (ER
results correlated well with previously published data and PgR) expression [17]. The data from the above
indicating that poorly differentiated cell lines ex- suggests that human breast cancer progression is as-
pressed cytokeratins at much lower levels, and were sociated with loss of estrogen dependence and sub-
highly invasive in the in vitro chemoinvasion assay [9, sequently with vimentin acquisition. The cell adhesion
12]. molecule E-cadherin was expressed in MCF-7 cells,

To investigate metastatic markers in SUM-159PT but no expression was observed in SUM-159PT cells.
cells, we examined the expression of vimentin and Several agents, including tamoxifen and retinoic acid,
E-cadherin, two proteins that have been strongly im- have been shown to upregulate E-cadherin resulting
plicated in the transition of carcinoma cells to a in an increase in cell aggregation and an inhibition
metastatic phenotype. SUM-159PT cells were found of invasion in vitro [29-30]. In addition, the restor-
to express vimentin, which has been associated with ation of E-cadherin expression via gene transfer has
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Figure 9. Effects of 1,25(OH)2 D3 and TPA on SUM-159PT cell growth. Cells were plated at a density of 4,000 cells per well in 24-well
dishes. On the day after plating, cells were treated with ethanol vehicle, or 0.1-1 OOnM TPA ± 1,25(OH) 2 D3 for 72h. Total cell number was
determined by crystal violet as described in Materials and methods. Data represent mean ± SEM of four values per time point. Similar results
were obtained from at least two other independent experiments. *, P < 0.001; ethanol control vs treated.

been shown to inhibit the invasive and metastatic prop- Boyden chamber chemoinvasion assay, and capable of
erties of cells in vitro and in animal model systems forming branching structures in Matrigel [9-12].
[31]. It would therefore be of interest to determine Consistent with expression of metastatic markers
if upregulation of E-cadherin in SUM-1599PT cells and in vitro invasiveness, preliminary studies have
would alter their invasive properties in vitro and in shown that SUM-I 59PT cells were metastatic after in-
vivo. Thus, SUM-159PT cells can be categorized oculation into the mammary fat pad of ovariectomized
along with other poorly-differentiated fibroblastic-like nude mice. Metastatic spread was not observed when
breast cancer cell lines, previously reported to be E- SUM-159PT cells were inoculated subcutaneously,
cadherin-negative, vimentin-positive, invasive in the although primary tumors developed. Therefore, im-
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plantation of tumor cells into anatomically appro- positive, E-cadherin-negative breast cancer cell line
priate (orthotopic) sites, rather than subcutaneously, that is invasive in vitro. In the absence of estrogen,
allowed for the expression of the metastatic pheno- SUM- 159PT cells are tumorigenic and metastatic after
type of SUM-1 59PT cells. The present work correlates orthotopic inoculation into the mammary fat pad of
with the work of many other groups, indicating that athymic nude mice. Thus, SUM-159PT and MCF-7
the mammary fat pad is a more favorable site than cells, which were both developed from human main-
the subcutis for the metastasis of mammary tumors mary gland carcinomas (primary tumor and pleural
[20-22]. effusion, respectively), represent cancer cells from two

Our studies further demonstrate that despite ex- distinct stages of tumor progression. Use of SUM-
pression of the poorly differentiated, metastatic phen- 159PT cells as an in vitro / in vivo model of estrogen-
otype, SUM-159PT cells retain sensitivity to a number independent human breast cancer will be useful for
of growth inhibitory compounds. The phorbol ester molecular studies on the mechanisms of metastases,
TPA, a known potent growth regulator of breast cancer and for studying the effectiveness of vitamin D3 and
cells, significantly reduced SUM-159PT cell number other potential therapeutics in advanced breast cancer.
within 72 h of treatment. Co-treatment of TPA with
1,25(OH)2 D3 caused a more than additive effect -
85% reduction in viable cell number after only 72h Acknowledgements
treatment. TGF-3 has been shown to strongly inhibit
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ABSTRACT that transcription initiated in the 5' flanking region of exon 1c occurs
To gain insight into the molecular regulation of the human vitamin in MCF-7 cells. Transient transfection of MCF-7 cells with this pu-

D 3 receptor (hVDR), we have cloned and sequenced the 5' flanking tative promoter region cloned into the pRLnull luciferase reporter
region of exon 1c and examined promoter activity of this region in vector generates significant reporter gene activity that is enhanced by
breast cancer cells. Sequence analysis of the first 1300 bp upstream treatment with forskolin, retinoic acid, and 171-estradiol. The en-
of exon 1c reveals several characteristics of a class II promoter, in- hancement of exon 1c promoter activity by 17j-estradiol is blocked by
cluding GC-rich regions and the presence of a TATA box at -29 bp. the selective estrogen response modifier (SERM) tamoxifen and is not
Putative transcription factor binding sites identified in this potential observed in estrogen receptor-negative breast cancer cells. In sum-
hVDR promoter include AP-2, Sp-1, and glucocorticoid response el- mary, we have cloned and characterized a TATA containing promoter
ements. No consensus vitamin D3 (VDRE) or estrogen (ERE) respon- upstream of exon 1c of the hVDR and provide evidence that this region
sive elements were identified in the promoter sequence. Primer ex- represents a hormonally regulated hVDR promoter. (Endocrinology
tension analysis performed with a primer specific for exon 1c confirms 141: 2829-2836, 2000)

,25DIHYDROXYCHOLECALIFEROL [1,25(OH)2D3] is has been difficult due to the scarcity of information available
the hormonal form of vitamin D3 that regulates calcium on the VDR promoter region and its regulation.

homeostasis, immune responses, and cell growth. The Elucidation of the transcriptional regulation of the human
growth regulatory effects of 1,25(OH)2D3, which include in- VDR (hVDR) gene has primarily been hampered by the com-
hibition of proliferation, induction of differentiation, and plexity of its promoter region. The hVDR gene has a similar
activation of apoptosis, have been demonstrated in numer- intron/exon structure to other members of the steroid re-
ous cancer cell lines and tumors, including those derived ceptor superfamily with the exception of the untranslated
from breast (1, 2), and are mediated through the vitamin D exon 1, which is present in multiple copies and is associated
receptor (VDR), a ligand dependent transcription factor with with at least two and probably three differentially used pro-
similarity to other nuclear receptors. Because the genomic moters (5, 6). Attempts to demonstrate hormone regulation
actions of 1,25(OH)2D3 are dependent on the presence of the of these promoter regions, using reporter gene assays in
VDR, receptor abundance is an important determinant of numerous cell lines, have been largely unsuccessful, with one
cellular sensitivity to 1,25(OH)2D3 (3). VDR abundance is notable exception-the demonstration of a retinoic acid-
affected by many physiological factors and is likely achieved responsive region in the intronic region located between
through a variety of mechanisms, including transcriptional exon ic and exon 2 (5); however, no further characterization
regulation, messenger RNA (mRNA) stability, posttransla- of this region has been reported.
tional modifications, and ligand induced stabilization of the We show that VDR transcripts containing exon 1c alone
receptor protein (4). Specific regulators of the VDR include are present in MCF-7 human breast cancer cells and are
1,25(OH)2D3 itself and other steroids such as 17/3-estradiol, regulated by a promoter immediately upstream of this exon
dexamethasone (Dex), and retinoic acid, all of which have that has the characteristics of a TATA containing promoter.
been shown to up-regulate the VDR protein and/or mRNA Luciferase reporter constructs containing either 1300 bp or
in vitro (4). Despite these observations, characterization of the 800 bp of the region immediately upstream of the transcrip-
relative contributions of transcriptional and posttranscrip- tion start site show significant activity following transient
tional mechanisms in regulation of VDR levels and activity transfection in MCF-7 cells. Agents known to up-regulate the

VDR, including 17/3-estradiol (E2), forskolin, all trans-retinoic
Received February 1, 2000. acid (ATRA) and Dex, enhance activity of both promoter
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Indiana 46556. E-mail: jwelsh3@nd.edu. MCF-7 cells, but not in estrogen receptor-negative SUM
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Ic in the hVDR gene and support the hypothesis that estro- Isolation of total RNA and primer extension
gen, and possibly other hormones, regulates breast cancer RNA isolated from MCF-7 cells growing in 5% FBS was used for
cell sensitivity to 1,25(OH) 2D3 via transcriptional regulation primer extension to identify transcripts originating from the promoter
of the VDR promoter. upstream of exon lc of the hVDR. Primer extension was performed using

"'P-end labeled primer EIC2 (5'-TCGGGTCCCCACGAGAAGACATC-
CAG-3"; +28/54) and polyA mRNA isolated with Ultraspec RNA iso-

Materials and Methods lation reagent (Biotecx Laboratories Inc., Houston, TX). Primer EIC2 (1
Cell culture fmol) was hybridized to 10 Ag of polyA mRNA in a volume of 10 Al

ddH 20 at 66 C for 25 min using reagents from Epicentre Technologies

MCF-7 and SUM159PT human breast cancer cell lines were cultured (Madison, WI). After addition of 1 MtL of Retrotherm reverse transcrip-
in phenol red free Ham's F12 media (Life Technologies, Inc., Gaithers- tase, reactions were incubated at 66 C for 40 min, heated to 95 C for 10
burg, MD) containing 10 mm HEPES, 5 gig/ml insulin, 1 mg/ml hy- min and products were separated on a denaturing polyacrylamide gel
drocortisone and supplemented with 5% FBS (Life Technologies, Inc.) or containing 8% acrylamide, 7 M urea, and 1 X TBE. 3'Pend labeled 0 Hinf
5% charcoal-stripped serum (CSS, HyClone Laboratories, Inc., Logan, 1 DNA markers (Promega Corp.) were electrophoresed on the gel to
UT). The estrogen-responsive MCF-7 cells were obtained from ATCC, serve as molecular weight markers. The gel was electrophoresed at 250
and the estrogen independent SUM159PT cells were obtained from the V for 2.5 h, vacuum dried, and exposed to x-ray film for 3 days.
University of Michigan Human Breast Cancer Cell/Tissue Bank (Ann
Arbor, MI). Both cell lines endogenously express VDR (7, 8). Results

At the time the studies reported here were initiated, there
XL-PCR amplification of the 5' flanking region of exon 1c was no evidence that the hVDR gene contained multiple

The region upstream of exon Ic of the hVDR gene was amplified by promoters and exon 1 variants. Consequently, we concen-
PCR using the Human Genome Walker Kit (CLONTECH Laboratories, trated on the region immediately upstream of the extant exon
Inc., Palo Alto, CA). A nested set of primers specific for exon 1c of the 1, now referred to as exon lc (see Fig. 1 for location of this
hVDR gene was designed (DNAstar Software) and synthesized. The region). The region immediately upstream of exon lc of the
primer located furthest 3' of the start of exon Ic was designated E1C h
(5'-ACTICCTCGTCCCCCGTCCATTCACC-3'; +55/+80). The nested hVDR gene was amplified using the Human Genome Walker
primer was designated EIC2 (5'-TCGGGTCCCCACGAGAAGA- kit, and products of 1300 bp and 800 bp were obtained. These
CACTCCAG -3'; +28/+54). Each of the five libraries supplied by the products were cloned into TA cloning vectors and se-
manufacturer was subjected to two rounds of PCR as described in the quenced. The sequence of the 800- and 1300-bp products
manufacturer's protocol with the exception of the substitution of rtTH indicates that the 5' flanking region of exon 1c displays an
XL polymerase Retrotherm reverse transcriptase (Perkin-Elmer Corp.,
Foster City, CA). The first round of PCR included the adapter primer organization reminiscent of a typical TATA containing pro-
supplied with the kit and the EICI primer. The cycling conditions for moter (Fig. 1). A consensus TATA sequence (GATAAAA) is
the primary PCR amplification were as follows: 7 cycles of denaturation present 29 bp upstream from the transcription start site. A
at 94 C for 25 sec followed by annealing and elongation at 72 C for 4 min number of putative regulatory regions, identified using the
and 32 cycles of 94 C for 25 sec followed by 67 C for 4 min. One microliter Transfac online transcription factor database, are present in
of the primary PCR reaction was diluted into 49 1A of ddH 20 and used
in the secondary PCR reaction. The primers employed in the secondary the 1300-bp region immediately upstream of exon 1c. These
PCR reaction were a nested adapter primer (supplied) and the primer include several SP1 and AP-2 sites upstream of the TATA box
E1C2. The cycling conditions for the secondary PCR reaction were as in addition to consensus sequences corresponding to AP-1,
follows: 5 cycles of 94 C for 25 sec followed by 72 C for 4 min and 22 cycles p53, c-myb, and glucocorticoid receptor (GR) response ele-
of 94 C for 25 sec and 67 C for 4 min, followed by an additional cycle
of 64 C for 4 min. Forty microliters of the secondary PCR reactions were ments. Notably, no sequences corresponding to consensus
analyzed on a 1.2% agarose gel. Amplification products of 1300 bp and direct repeat vitamin D3 response elements (VDRE) or es-
800 bp were cloned into TA cloning vectors and sequenced at least twice trogen response elements (ERE) are present in this region.
on both strands using automated DNA sequencing. To establish that the promoter region upstream of exon

1c is used in a cellular context, primer extension analysis
Construction of luciferase reporter plasmids and was used to identify transcripts initiated immediately up-
transient transfections stream of the predicted start site of exon 1c. As can be seen

The 800- and 1300-bp products were subcloned into the promoterless in Fig. 2, a 79-bp extension product was identified in
pRL null vector (Promega Corp., Madison, WI) which contains the MCF-7 cells, consistent with a VDR transcript containing
renilla luciferase reporter gene. Transient transfections with the pRL only exon 1c. Several larger primer extension products,
constructs were performed in MCF-7 and SUM159PT cells plated in ranging from approximately 140 bp up to 450 bp, are also
six-well plates at a density of 1.5 x 10' cells per well. The cells were present in MCF-7 cells. These transcripts appear to rep-
incubated at 37 C overnight, then cotransfected with 0.75 pjg of the
designated pRL construct and 0.25 Mg of pGL-3 SV40 (total of 1 Mg of resent splice variants containing exon 1c and several of the
DNA per well) in 1 ml of serum free Ham's F12 media. After incubation alternative exons identified further upstream. Based on
at 37 C for 1 h, 1 ml of Ham's F12 media containing either 5% FBS or 5% reported exon sizes (5, 6), we have tentatively identified
CSS supplemented with the appropriate treatment, or an equal volume these transcripts as splice products containing exons If, le,
of ethanol vehicle, was added to each well. After 18 h, cells were lysed and Ic (447 bp) and if, la, and Ic (365 bp). Another primer
and luciferase activity was determined with the Dual Luciferase Assay
Kit'(Promega Corp.). Transfection efficiency was normalized using the extension product containing exons la and 1c, was de-
pGL-3 SV40 construct, and data are expressed as relative luciferase units tected upon longer exposure of the film (not shown). While
(RLUs). Each experiment was performed in triplicate and replicated confirmation of these assignments will require cloning and
between three and six times. The luciferase assay data were statistically sequencing of these products, the primer extension anal-
analyzed by ANOVA and either Dunnett's or Tukey's posthoc tests, as
appropriate, with Graph Pad Instat Software (San Diego, CA). Means ysis indicates that the putative promoter upstream of exon
were considered significantly different if P values of 0.05 or less were Ic of the hVDR gene is active in MCF-7 human breast
obtained, cancer cells.
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if le la ld lb lc 2 3 4 5 6 7 8 9

-1239 ctgtcctcagcagacacctcccactgcccatgcttcttgtgggggtgggccagcccagct
GR GR

-1178 taggttatcttggctcattgtccactagtgttttcctcagatgctccctgggagctggca
GR

-ý117 gtactggagggggtggcaagtggcctcagtcggctcacagttctaggaccgggcccaggt
Sp1

-1056 cttggaagccccttgagctctcccccttccctgcttaggccactggaagacagaggtctc
SpI

-995 caaagaaagacaaaagctggggtctagacataccccatctggggtctgacttaaaggcct

-934 ttgccagggtcacctcctgttggcatcagagaaggaaagaagtgtgtgtttgtgtgtttg

FIG. 1. Map of the human vitamin D
receptor (hVDR) gene. Top, Intron/exon -873 tgtgtgtgtgtgtctgtctgtttgtctatgtctgcaggtggacaagtagggccgggtgtg
organization of hVDR, showing exons 2
through 9 (coding region) and untrans- -812 agtggaagtggaaaggatactattctgcccatccatccttgctggccccccagccagctg
lated exons la through if. Putative pro- AP-2 AP-2
moter regions la, If, and ic are indi- -751 ctaagatccagagtctgggcagcagagtcaaccctactgcagctgggggtgttgagcatg
cated in the striped boxes. Bottom, The p53
first 1300 bp upstream of exon ic was -690 tctggggaagagctaaaagtggcagaaaacatcctgtttgaaagcaatgctttgctgtat
sequenced and analyzed with the
Transfac online transcription factor -629 ttaacccctgcaacacctgctccgcctacacccggtctccacagacaggagatctcagac
database. Potential regulatory regions
are denoted in bold with the name(s) of
the consensus binding site(s) indicated -568 acctgcctttgaagctgtcccaagaggccaaggctgtgggctgccatccaagcctgcccc
below. GR AP-2

-507 attcccagctcctgtgcggcacctcctctgccctgcctggggcagccgtcttcccgctct

-446 tagcagcaggacacatggcccagttgctctgcttcctgagctgcctacaatctggagatg

-385 gagggggtagtgagagtgtgggtctccctaacgaaaaggcccttcctccctcctgacacc
Spi

-324 ctgggctgtgagaggagaaggagtgcctaggcgggaggctgtttccttctgcctggggct
AP-1 Spl SpI

-263 ggttgccgccaccgcttcccactgctcctgctactccctgcctcgagggagggccatcct
AP- 2 Spl

-202 ggctgctgcccagccgccacccccacacccctgccagcgatgacatggcatgcctgctcc
AP-2/AP-2/AP-2

-141 caacaagccacttctgtttgcagtcactgatctggggactaaagtccctggaaagagcct
GR

-80 ctcgtgcccacttccttagagactggggaggcggtcagcgctccgccttagataaaaggt
Spi TATA

-19 ttccccttcttcatttcagAAGCCTTTGGGTCTGAAGTGTCTGTGAGACCTCACAGAAGA
+1

+42 GCACCCCTGGGCT

To determine whether the exon Ic promoter region is FBS, indicating that the promoter may be regulated by hor-
capable of regulating transcription, the 800- and 1300-bp mones and growth factors present in the serum (data not
sequences were cloned into the promoterless renilla lucif- shown).
erase plasmid, pRLnull, and transiently transfected into To investigate the potential relevance of the promoter re-
MCF-7 cells. As shown in Fig. 3a, there is significant pro- gion upstream of exon 1c, we examined whether agents
moter activity in MCF-7 cells transfected with either the pRL known to regulate VDR expression in breast cancer cells
800 or the pRL 1300 construct, compared with cells trans- could modulate activity of the pRL800 and pRL1300 pro-

fected with the pRL null control vector. After correction for moter constructs. It is well accepted that 1,25(OH)2D 3 up-
transfection efficiency, promoter activity for these constructs regulates the VDR protein; however, the mechanism of this

is elevated up to 80-fold above baseline activity detected with effect is controversial, with evidence supporting both tran-
the pRL null vector. Basal activity of this promoter is also scriptional regulation and ligand induced stabilization (4).
significantly enhanced when MCF-7 cells are stimulated with Thus, we examined the possibility that 1,25(OH) 2D3 could
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FIG. 2. Primer extension of the 5'flanking region of exon Ic of the 1 ,25D3
hVDR. Poly A mRNA (10 jg) isolated from MCF-7 cells grown in FBS
was incubated with 32P-endlabeled primer E1C2 specific for exon lc I 713 E 2
and then with Retrotherm reverse transcriptase as described in Ma-
terials and Methods. Reaction products were separated on 8% acryl-
amide gels and visualized by autoradiography. Lane 1, Complete B 150
reaction; lane 2, reaction minus mRNA. MW, 4X174 Hinf molecular
weight markers. Arrows indicate position of primer extension prod- 125-
ucts with tentative assignment of exon usage for each transcription.
*', Position of band detected upon longer exposure of the gel that likely *
corresponds to a transcript containing exons la and 1c. 100-

modulate reporter gene activity in MCF-7 cells, a cell line in . 7
which up-regulation of the VDR by 1,25(OH) 2D3 has been -.
demonstrated (7). As shown in Fig. 3a, no induction of either 50-

hVDR promoter construct was observed after treatment of
MCF-7 cells with 100 nM 1,25(OH) 2D 3 for 18 h. Under the 25.

same conditions, 100 nM 1,25(OH)2D3 induced reporter gene
activity of the rat 24-hydroxylase luciferase promoter (a 0 E TAM E2+TAM
know vitamin D responsive promoter) more than 15-fold in
MCF-7 cells (data not shown). Even with extended treatment pRL800
time (up to 72 h) under various culture conditions, no in- FIG. 3. Effects of 1,25 (OH).D 3 and 17/3-estradiol on hVDR exon 1c
duction by 1,25(OH) 2D3 of these promoter constructs is de- promoter constructs in MCF-7 cells. A, MCF-7 cells were transfected
monstrable in MCF-7 cells (data not shown). with the pRL800 or pRL1300 renilla luciferase constructs or the

In estrogen-responsive breast cancer cells, estrogens and pRLnull empty vector and treated with ethanol vehicle (open bars),
antiestrogens have been shown to alter VDR expression and 100 nM 1,25 (OH)0.1 3 (hatched bars) or 10 nM 17/0-estradiol (filled

bars) in phenol red-free media containing charcoal-stripped serum.
sensitivity to 1,25(OH) 2D3 (4, 9). Although the sequence up- RLUs have been corrected for transfection efficiency with cotrans-
stream of exon lc does not contain any classical consensus fected pGL3 SV40 using the dual luciferase assay and expressed
ERE binding sites, numerous AP-1 and SP-1 binding sites, relative to values obtained with pRLnull, which were normalized to
which can also mediate estrogen receptor transactivation 1. Data reflect the mean t SEM of three wells and are representative
(10-12), are present in the sequence. To establish whether of three or more independent trials. *, Significantly different from

ethanol control (P < 0.01). B, MCF-7 cells transfected with the
up-regulation of the VDR by estrogen in breast cancer cells pRL800 construct were treated with ethanol vehicle (open bars), 1 nmi
is correlated with transactivation of the region upstream of 17/3-estradiol (filled bars), 1 •iM 4-hydroxytamoxifen (hatched bars),
exon 1c, we examined reporter gene activity in MCF-7 cells or 1 nM 17/3-estradiol plus 1 jLM 4-hydroxytamoxifen (gray bars) for
treated with 1703-estradiol. As demonstrated in Fig. 3a, 10 nM 24 h in phenol red-free media containing charcoal-stripped serum.

RLUs have been corrected for transfection efficiency with cotrans-
17f3-estradiol significantly (P < 0.01) up-regulated the activ- fected pGL3 SV40 using the dual luciferase assay and expressed
ity of both the pRL1300 and pRL800 constructs, by 4- and relative to values obtained with pRLnull, which were normalized to
2-fold, respectively, relative to ethanol vehicle-treated con- 1. *, Significantly different from ethanol control (P < 0.001); *
trol cells. To determine whether the effects of 17/3-estradiol significantly different from 17/3-estradiol treated (P < 0.001).

on the hVDR constructs are mediated directly by the estrogen
receptor, the activity of the pRL800 reporter construct was treated cells: P < 0.001) as shown in Fig. 3b. Treatment of MCF-7
measured in MCF-7 cells treated with 4-hydroxytamoxifen, cells with 1 tM 4-hydroxytamoxifen completely blocked the
the biologically active form of the SERM tamoxifen. At the stimulation of the pRL800 reporter construct by 17/3-estradiol
dose of 1 nM, 1703-estradiol significantly increase the activity (P <0.001; 173-estradiol vs. 17J3-estradiol plus 4-hydroxytamox-
of the pRL800 promoter activity (235% relative to ethanol- ifen). Similar results were obtained in MCF-7 cells transfected
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with the pRL1300 construct and treated with 17f-estradiol with first 800 bp upstream of the promoter. On the other hand, the
and without 4-hydroxytamoxifen (not shown). Collectively, induction by ATRA is greater when the longer construct is
these data suggest that the effect of 17f3-estradiol on transcrip- utilized, suggesting that the retinoid-mediated regulation of
tion initiated in the promoter region immediately upstream of the promoter lies, at least in part, in the more distal region
exon 1c is directly mediated via the estrogen receptor. of the pRL1300 construct.

To determine whether additional agents known to regu- Because progression of breast cancer is associated with
late VDR expression modulate reporter gene activity of the loss of estrogen responsiveness, we examined regulation of
exon 1c constructs, similar experiments were conducted in the hVDR promoter constructs in an estrogen receptor-
MCF-7 cells treated for 18 h with ATRA, Dex, the phorbol negative human breast cancer cell line, SUM159PT (8). This
ester TPA, and forskolin. As shown in Fig. 4, ATRA (1 nM) human breast cancer cell line lacks the estrogen receptor and
and forskolin (1 Mm) up-regulate the promoter activity of thus is insensitive to estrogens and antiestrogens. Expression
both the pRL800 and pRL1300 constructs in MCF-7 cells, of the VDR in SUM159PT cells is lower than that in MCF-7
whereas neither TPA (1 nM) or the synthetic glucocorticoid cells, and consequently, SUM159PT cells are less sensitive to
Dex (10 nM) induce transcription above the basal levels seen the growth inhibitory effects of 1,2(OH)2D3 than MCF-7 cells
in vehicle-treated controls cells. Forskolin induces the pro- (8). Transient transfection experiments under the same con-
moter activity by approximately 5-fold with both the ditions as those used for MCF-7 cells demonstrated that the
pRL1300 and pRL800 constructs, suggesting that the se- basal level of transcription for both the pRL800 and pRL1300
quences responsible for this regulation are localized in the constructs is significantly lower in SUM159PT cells than in

MCF-7 cells, with activities ranging between 5- and 10-fold
400. over those of the pRLnull vector alone (Fig. 5). Notably, 10

*€ nM 17/3-estradiol treatment of SUM159PT cells does not in-
duce transcription of the reporter gene from either construct,

300- consistent with the lack of estrogen receptor expression in
these cells (8). Similar to MCF-7 cells, treatment with ATRA

toand forskolin significantly (P < 0.01) enhanced reporter ac-
• 200- tivity in SUM159PT cells. In contrast to MCF-7 cells, Dex
CC significantly enhanced pRL800 activity in SUM159PT cells

(P < 0.05), suggesting differential regulation of the hVDR100- •exon 1c reporter constructs in estrogen-dependent vs. estro-
E F-e A F k Tgen-independent breast cancer cells.

EtOH Dex ATRA Forsk TPA
Discussion

pRL800 In this paper, we describe a TATA-containing promoter

immediately upstream of exon 1c of the hVDR and demon-
400. strate that this region represents a hormonally regulated

hVDR promoter active in breast cancer cells. Exon 1 of the

300 hVDR gene is present in multiple copies (exons la through
if), and the existence of at least three differentially utilized
promoters (exons la, id, and if) has been proposed (5, 6). In

S200- the studies reported here, primer extension using RNA iso-
-J lated from untreated MCF-7 cells identifies transcripts con-

taining only exon 1c, as well as additional transcripts initi-
100. ated from other promoters further upstream that contain

exon ic. These data are consistent with earlier studies that

0 demonstrated numerous transcripts containing exon ic by
EtOH Dex ATRA Forsk TPA 5'RACE (5, 6). Miyamoto et al. (5) identified transcripts orig-

inating upstream of exon la that contained exon ic using
pRL1300 human kidney RNA as a template. Crofts et al. (6) identified

FIG. 4. Effects ofretinoic acid, Dex, forskolin, and TPA on hVDR exon transcripts initiated upstream of exons la, 1d, and if that
1c promoter activity in MCF-7 cells. MCF-7 cells were transfected contained exon 1c in a panel of 15 cell lines but did not utilize
with the pRL800 or pRL1300 hVDR constructs or the empty vector primers that would identify transcripts initiated immedi-
pRLnull and treated with ethanol vehicle (EtOH), Dex (10 nM), ATRA
(1 nm), forskolin (Forsk, 1 jiM), or TPA (1 nM) in phenol red-free media ately upstream of exon lc. Notably, transcripts originating
containing charcoal-stripped serum. After 18 h, RLUs were measured upstream of exon If were restricted to kidney, parathyroid,
by dual luciferase assay and corrected for transfection efficiency using and intestinal cell lines, whereas transcripts originating up-
cotransfected pGL3 SV40. RLU values of the pRL constructs are stream of exons la and ld were equally expressed in all 15
expressed relative to pRLnull, which was normalized to 1, and rep- cell lines examined, including the estrogen-responsive breast
resent mean ± SEM of three wells. Similar results were obtained in six
independent experiments. *, Significantly different from ethanol cancer cell line T47D (6). Positive identification of the primer
value, P < 0.01. extension products generated in MCF-7 cells will be neces-
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20. retinoic acid, and forskolin in MCF-7 estrogen-responsive
breast cancer cells, but only the latter two agents enhance
promoter activity in SUM159PT cells, which do not express

15. the estrogen receptor (8). All of the agents that up-regulate
* hVDR promoter activity in the studies presented here have

0) previously been shown to up-regulate VDR expression in
: 10. numerous cell lines (4). Our data suggest that the mech-
rx anism by which these agents up-regulate VDR expression

may involve, at least partially, direct regulation of VDR
transcription.

In MCF-7 cells, 1703-estradiol up-regulates hVDR promoter
activity through both the pRL800 and pRL1300 constructs,

0 EtOH E2 Dex ATRA Forsk TPA with a peak induction of 6-fold relative to ethanol-treated
control cells. The magnitude of this effect is comparable to

pRL800 the induction of other estrogen-responsive reporter genes
known to be regulated by the endogenous estrogen receptor
in MCF-7 cells (10, 11). The data presented here indicate that

15. the up-regulation of hVDR promoter activity by 1703-estra-
diol is mediated by the estrogen receptor because it is blunted
by 4-hydroxytamoxifen and is not observed in the estrogen
receptor negative SUM159PT breast cancer cells. Although

10. * these data indicate that a functional estrogen receptor is
necessary for induction of hVDR promoter activity, no con-
sensus ERE (GGTCAnnnTGACC) is present in either the

5- pRL800 or pRL1300 constructs. This suggests that the 1713-
estradiol-estrogen receptor complex mediates its effects via
an alternative pathway, such as through interactions with
AP-1 or Spl transcription factors. The role of AP-1 in induc-

O H II Ition of estrogen-responsive genes lacking ERE has been well
EtOH E2 Dex ATRA Forsk TPA documented (12), and more recently, evidence that 17/3-

pRL1300 estradiol mediates effects through interactions with Spl tran-
scription factors has emerged (10). The presence of AP-1 and

FIG. 5. Activity and regulation of hVDR exon 1c promoter in estrogen Spl sites in the promoter region upstream of exon 1c suggests
independent SUM159PT breast cancer cells. SUM159-PT cells were that 17/3-estradiol might enhance hVDR promoter activity
transfected with the pRL800 or pRL1300 hVDR constructs or the through one or both of these alternative pathways. In par-
empty vector pRLnull and treated with ethanol vehicle (EtOH), Dex
(10 nM), ATRA (1 nm), forskolin (Forsk, 1 tM), or TPA (1 nM) in phenol ticular, six Spl sites in the exon 1c promoter are identical to
red-free media containing charcoal-stripped serum. After 18 h, RLUs GC/GA-rich sequences recently shown to confer 17f3-estra-
were measured by dual luciferase assay and corrected for transfection diol responsiveness to the bcl-2 promoter in MCF-7 cells (10).
efficiency using cotransfected pGL3 SV40. RLU values of the pRL These sites (GGAGG at -1112, -386, -291, -215 and -55;
constructs are expressed relative to pRLnull, which was normalized
to 1, and represent mean t SEM of three wells. Similar results were GGGCTGGat -268) will be the initial focus of furtherstudies
obtained in two independent experiments. *, Significantly different to map the estrogen responsive region of the hVDR pro-
from ethanol value, P < 0.05 (*); P < 0.01 (** moter. Because the GGAGG site located at -1112 is the only

Spl site not present in the pRL800 construct, it is possible that
sary to determine the extent to which transcription is initi- the increased responsiveness to 17/3-estradiol of the larger
ated from the various promoter regions, and if promoter construct is mediated through this region.
usage is altered by hormonal treatments. Our data are consistent with previous reports that 17/3-

Consistent with the primer extension data demonstrating estradiol up-regulates VDR protein in estrogen-responsive
transcription initiation upstream of exon 1c, 5' flanking se- human breast cancer cells (9) and VDR mRNA levels
quences of exon 1c were active in reporter gene assays in in human osteoblast-like cells (13, 14). Conversely, 4-
MCF-7 cells. Similar studies have demonstrated that the pro- hydroxytamoxifen down-regulates the VDR protein (7) and
moters upstream of exons la and If can direct reporter gene down-regulates the promoter activity in MCF-7 cells. In ad-
activity in mammalian cell lines (COS 7, NIH 3T3, HeLa), dition, VDR expression tends to be higher in estrogen re-
whereas the 5' flanking region of exon ld is inactive in ceptor-positive than in estrogen receptor-negative breast
reporter gene assays (5, 6). At the present time, there is no cancer cells (15). Collectively, these data support the concept
evidence to suggest that the promoter regions upstream of that estrogen is an important physiological regulator of VDR
exons la, 1d, or If are hormonally regulated. A major finding expression in breast cancer cells which mediates its effects via
of this paper, therefore, is that the promoter immediately transcriptional regulation of the promoter region immedi-
upstream of exon Ic is regulated by hormones and other ately upstream of exon 1c.
agents in breast cancer cells. In these studies, we report that Regulation of the hVDR promoter by 17/-estradiol has
exon 1c promoter activity is up-regulated by 1703-estradiol, numerous clinical implications arising from the potential use
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of SERMs and vitamin D3 analogs for prevention and/or ments in the promoter immediately upstream of exon 1c
treatment of breast cancer and osteoporosis (16-18). The suggests that this promoter activity should be responsive to
efficacy and toxicity of vitamin D3 analogs is determined, in the synthetic glucocorticoid, Dex. However, Dex fails to in-
part, by the level of VDR in target tissues, and our data duce promoter activity in MCF-7 cells, despite previous re-
suggest that estrogen status influences VDR abundance. In ports that Dex enhances the growth inhibitory effects of
this respect, it will be important to determine whether novel 1,25(OH)2D3 in MCF-7 cells (28). In contrast to MCF-7 cells,
SERMs such as raloxifene act as estrogen agonists Or antag- Dex up-regulates the hVDR exon 1c reporter constructs in
onists in regulation of hVDR promoter activity in different SUM159PT cells. These discrepancies are consistent with lit-
1,25(OH) 2D3 target cells. Recent data indicate that transcrip- erature indicating that effects of glucocorticoids on VDR
tional activation by SERMs is cell type specific, promoter abundance may be species and tissue specific (4). The
dependent, and different for the two estrogen receptor sub- limited studies conducted in human-derived cell lines in-
types, ERa and ERP3 (11). dicate up-regulation, down-regulation, or no change in

Despite data demonstrating ligand-dependent regulation VDR expression after treatment with Dex (19, 29, 30).
of VDR expression in MCF-7 and other human derived cell Further studies to examine the molecular basis of glu-
lines (7, 19, 20), treatment with 1,25(OH)2D3 has no measur- cocorticoid regulation of the VDR in estrogen-dependent
able effect on activity of the promoter immediately upstream vs. estrogen-independent breast cancer cells will be nec-
of exon 1c. Similarly, the 5' flanking sequence of exon la was essary to resolve these differences.
unresponsive to 1,25(OH)RD 3 when tested in reporter gene Although TPA has been shown to alter cellular respon-
assays (5). While it remains possible that 1,25(OH)2D3 may siveness to 1,25(OH)2D3 and up-regulate VDR protein ex-
induce hVDR transcription via one or more of the newly pression in MCF-7 cells (31), TPA does not up-regulate exon
identified, or as yet unidentified, promoter regions, up- 1c promoter activity. This suggests that TPA modulates VDR
regulation of the VDR protein by 1,25(OH)2 D3 may also expression in MCF-7 cells via posttranscriptional rather than
result from enhanced mRNA stability (19), ligand induced transcriptional mechanisms. Posttranslational effects of TPA
stabilization (21, 22), or reduced proteosomal degradation are consistent with data indicating that the VDR protein is
(23) rather than transcriptional activation. phosphorylated by PKC at several sites (32).

The up-regulation of the pRL800 and pRL1300 constructs, In summary, we have used the region immediately up-
which contain promoter sequence upstream of exon 1c, by stream of exon 1c of the hVDR to demonstrate hVDR pro-
retinoic acid in MCF-7 cells is particularly interesting in light moter activity, which is regulated by 17f3-estradiol, retinoic
of previous reporter gene assays mi ROS17/2.8 rat osteosar- acid, and forskolin in MCF-7 cells. Because the promoters
coma cells, which also identified a retinoid-responsive region upstream of exon la and If do not appear to be hormone
in the hVDR gene. In those studies, however, retinoic acid responsive, the data presented here suggest that the pro-
regulation was attributed to a region downstream of exon 1c moter region upstream of exon 1c is responsible for the
because a construct including the region upstream of exon 1c hormone-regulated transcription of the hVDR gene, at least
was not retinoid responsive (5). These discrepancies in reti- in MCF-7 breast cancer cells, and possibly other hormone-
noic acid regulation of the region surrounding exon lc may responsive tissues and tumors. Examination of this possibil-
reflect species (rat vs. human) or cell type (osteosarcoma vs. ity will require comparison of promoter usage in MCF-7 and
breast cancer) differences, which can only be resolved by other cells after hormonal treatment. Furthermore, addi-
further investigations. Despite these discrepancies, it is likely tional studies with the exon ic promoter region are necessary
that the well established ability of retinoic acid to up-regulate to determine the relative importance of transcriptional, post-
VDR is mediated, at least in part, at the transcriptional level, transcriptional, and translational mechanisms in overall

ForSkolin, an activator of adenylate cyclase, is a potent VDR regulation, and the cell type specificity of such mech-
enhancer of the promoter immediately upstream of exon 1c anisms. These data suggest that estrogen, and possibly
in both estrogen receptor positive and negative breast cancer other hormones, regulates breast cancer cell sensitivity to
cell lines. There has been a recent report of a forskolin- 1,25(OH)2D3 via transcriptional regulation of the hVDR
responsive region upstream of exon la in the mouse VDR promoter.
promoter (24), although it is not clear if a similar forskolin
responsive region is present in the 5' flanking region of exon Acknowledgments
la in the hVDR. These data are intriguing because forskolin The authors would like to thank Pamela Adams for technical assis-
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